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Progressive globalization and continuing human-mediated transports of plant material over long 
distances facilitated the introduction of a large number of non-native plant species all over the 
world. The resulting successful plant invasions might have substantial negative impacts on native 
natural ecosystems and cultural landscapes and, therefore, imply significant ecological and 
economic harms. To better predict and limit these consequences for humans and ecosystems, a 
deeper understanding of mechanisms underlying plant invasions is important. Thus, one central 
question of invasion ecology research refers to traits and conditions that facilitate plant invasion 
success of species. Environmental matching of non-native species with novel habitats is known 
to be strongly dependent on macroclimatic conditions as they predominantly determine the 
species’ physiological niche. Especially temperature and precipitation have been previously 
discussed as most important abiotic filters for species distribution. Radiation, however, displays 
a so far neglected abiotic environmental factor in the context of plant invasions, although 
fundamental differences occur at a global scale and plant metabolism strongly relies on light 
conditions. Nevertheless, biologically active high-energy UV-B radiation might even have 
negative effects on plant growth and development and, thus, might act as limiting 
environmental factor during plant invasions. 
Local surface UV-B radiation intensities mainly depend on elevation, latitude, daytime and 
season. Beside the seasonal differences between hemispheres, higher maximum and annual 
mean UV-B intensities are measured in comparable latitudes of the southern hemisphere. This 
difference results from the elliptical Earth’s orbit around the sun leading to a smaller Sun-Earth 
distance during the southern hemisphere summer. Several hotspots of plant invasions are 
located on the southern hemisphere and consequently offer suitable conditions to investigate 
plant invasions in high UV-B environments. Moreover, UV-B radiation intensity is also affected 
by human impact and ongoing climate change that will further change local UV-B levels 
worldwide. 
This thesis investigates the importance of high UV-B radiation for plant invasions based on 
27 invasive species of New Zealand grasslands. The conducted studies contain common garden 
experiments comparing native and invasive origins in different UV-B environments, as well as 
macroecological approaches including species distribution data, trait data and global UV-B 
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satellite data. All approaches aimed at assessing the importance of UV-B as selective force during 
plant invasions and tested for potential UV-B preadaptation of native population, as well as local 
adaptation of invasive populations as consequence of evolutionary processes in the invaded 
range. 
The results revealed no evidence for genetic post-introduction adaptation to UV-B in 
high-UV-B environments. However, both origins of the study species responded to UV-B with 
quantifiable physiological and phenotypic changes that hint at a pronounced plasticity 
maintaining plant growth in response to UV-B. Moreover, higher UV-B intensities in the native 
range turned out to be of advantage for alien species under UV-B exposure in novel habitats and 
indicate an existing UV-B preadaptation of some study species by previous UV-B experience. 
There was only a medium directly limiting effect of UV-B radiation in comparison to other 
common environmental stressors of grasslands, e.g. drought. Nevertheless, greater importance 
of UV-B during plant invasions might originate from the ability to induce physiological cross-
protection to oxidative stress caused by other biotic and abiotic environmental factors. This 
effect constitutes the relevance of UV-B for invasion processes in the context of predicted global 
and climate change. Therefore, consideration of UV-B radiation in future species distribution 
models might be especially recommendable for predictions of potential suitable habitats and 




Aufgrund der anhaltenden Globalisierung und des damit verbundenen Transports von 
Pflanzenmaterial über große Distanzen erfolgte die Einführung unzähliger nicht heimischer 
Pflanzenarten durch den Menschen bereits in nahezu allen Teilen der Welt. Die daraus 
resultierenden erfolgreichen biologischen Invasionen können erhebliche negative Folgen für 
native natürliche Ökosysteme und Kulturlandschaften haben und somit ökologische und 
ökonomische Schäden verursachen. Um diese Konsequenzen für Mensch und Natur genauer 
vorherzusagen und eindämmen zu können, ist es von Bedeutung die zugrundeliegenden 
Mechanismen biologischer Invasionen zu verstehen. Welche Pflanzenarten unter welchen 
Umständen invasiv werden können, ist daher eine zentrale Frage der Forschung im Bereich der 
Invasionsbiologie. Eine entscheidende Rolle für den Invasionserfolg spielt unter anderem das 
Makroklima im Invasionsgebiet, da dieses zur physiologischen Nische der gebietsfremden Arten 
passen muss, um eine Etablierung und Verbreitung zu ermöglichen. Temperatur und 
Niederschlag stellen in diesem Zusammenhang besonders entscheidende abiotische Filter dar. 
Wenig berücksichtigt wurde bisher allerdings der abiotische Umweltfaktor Strahlung, obwohl 
auch diesbezüglich große globale Unterschiede vorherrschen und Licht ein essentieller Faktor 
für den pflanzlichen Stoffwechsel und das Wachstum ist. Insbesondere UV-B-Strahlung wirkt 
sich als hochenergetische Strahlung mit niedriger Wellenlänge unter Umständen sogar negativ 
auf die pflanzliche Entwicklung aus und könnte aus diesem Grund auch für biologische 
Invasionen einen limitierenden Faktor darstellen. 
Die Intensität der UV-B-Strahlung an der Erdoberfläche ist unter anderem abhängig von der 
Höhenlage, dem Breitengrad und der Tages- und Jahreszeit. Zusätzlich zu den saisonalen 
Unterschieden zwischen der nördlichen und südlichen Hemisphäre werden in vergleichbaren 
Breitengrade höhere Maximum- und Jahresdurchschnittswerte der UV-B-Intensität auf der 
Südhalbkugel gemessen. Dieser Unterschied resultiert aus der elliptischen Erdumlaufbahn um 
die Sonne und der sich ergebenden geringeren Entfernung zwischen Erde und Sonne während 
des Südhalbkugelsommers. Viele Hotspots biologischer Invasionen befinden sich in der 
südlichen Hemisphäre und bieten somit geeignete Bedingungen zur Untersuchung pflanzlicher 
Invasionen in Gebieten mit hoher UV-B-Strahlung. Darüber hinaus unterliegen UV-B-
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Intensitäten auch stark dem anthropogenen Einfluss und dem resultierenden Klimawandel, die 
auch zukünftig für Veränderungen der lokalen UV-B-Level weltweit sorgen werden.  
Die vorliegende Dissertation untersucht den Einfluss von hoher UV-B-Strahlung auf 
gebietsfremde Pflanzenarten am Beispiel von 27 invasiven neuseeländischen Graslandarten. Die 
verschiedenen Studien dieser Dissertation beinhalten experimentelle Untersuchungen von 
nativen und invasiven Herkünften dieser Arten in verschiedenen UV-B-Umwelten, sowie 
makroökologische Analysen unter Einbeziehung artspezifischer Merkmalsdaten, globaler 
Verbreitungsdaten und UV-B-Satellitendaten. Die unterschiedlichen methodischen Ansätze 
ermöglichen die Untersuchung der Bedeutung von UV-B-Strahlung als selektiver Umweltfaktor 
während des Invasionsprozesses durch das Testen auf eine lokale Anpassung invasiver 
Populationen an hohe UV-B-Intensitäten und auf eine mögliche Voranpassung nativer 
Populationen an Gebiete mit hoher UV-B-Strahlung. 
Die Ergebnisse dieser Arbeit liefern keine Hinweise auf eine erfolgte genetische Anpassung 
invasiver Populationen an höhere UV-B-Intensitäten seit der Einführung in das Invasionsgebiet. 
Allerdings reagieren die untersuchten Arten unabhängig von der Herkunft mit messbaren 
physiologischen und phänotypischen Veränderungen auf UV-B-Strahlung und profitieren daher 
offenbar von ihrer Plastizität in Bezug auf Wachstum und Entwicklung. Darüber hinaus erweist 
sich eine höhere UV-B-Strahlung im Heimatgebiet der Arten als vorteilhaft und deutet auf eine 
existierende Voranpassung einiger Arten an hohe UV-B-Strahlungsintensitäten im 
Invasionsgebiet hin. Im Vergleich zu anderen limitierenden abiotischen Umweltfaktoren, wie 
z.B. Trockenheit, hat UV-B auf pflanzliches Wachstum nur einen begrenzten direkten Effekt.
Größere Bedeutung kommt UV-B-Strahlung durch den induzierten physiologischen Schutz vor 
oxidativem Stress zu, der sich im Zusammenhang mit anderen biotischen und abiotischen 
Stressoren im Invasionsgebiet positiv auszahlen kann. Aus dieser Funktion ergibt sich die 
Relevanz des abiotischen Faktors UV-B-Strahlung für aktuelle und zukünftige pflanzliche 
Invasionen vor allem auch im Hinblick auf die prognostizierten globalen Umweltveränderungen 
und den fortschreitenden Klimawandel. Eine Berücksichtigung von UV-B-Intensitäten für die 
Modellierung und Vorhersage potentieller Verbreitungsgebiete im Rahmen der 
Risikobewertung von Pflanzenarten ist daher empfehlenswert.
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Chapter I: General Introduction 
1. Plant invasions - questions & state of research
1.1. Terminology & definition 
Plant invasions display a major aspect of global change and a significant threat to biodiversity 
worldwide (Hejda et al. 2009, Blackburn et al. 2014, Bellard et al. 2016). The research field of 
invasion ecology developed quickly during the last century, but terminology is still not consistent 
(Heger et al. 2013 a,b). With increasing globalization, human activity enabled plant species to 
reach habitats that would have been inaccessible by means of natural dispersal only. Species 
that are not indigenous in a particular habitat are predominantly called non-native species or 
alien species. Nevertheless, the term ‘alien species’ is not clearly defined, as it is still unsettled 
whether human-mediated transport is a necessary criterion (e.g. Richardson et al. 2000, Heger 
& Trepl 2003) or whether species continuously expanding their range are also called aliens. The 
latter case might include species range shifts driven by ongoing climate change (Walther et al. 
2009). Furthermore, the attribute ‘invasive’ is used in different contexts so far. Some studies 
claim that invasive species by definition have to have a significant negative impact on human 
health, natural ecosystems or economy (Davis & Thompson 2000), while others relate 
invasiveness simply to the invasion success of a species, e.g. in terms of a large distribution or 
fast spread (Valéry et al. 2008). Some studies even propose to attribute invasiveness not only to 
alien species but also to extensively spreading native species (Valéry et al. 2008, Catford et al. 
2009). The present thesis clearly addresses invasive alien species that reached the invaded range 
by human transport, successfully colonized and spread with economic and ecological impacts. 
To elucidate mechanisms and drivers of plant invasions one has to regard characteristics of 
invasive species on the one hand and the vulnerability of habitats to invasive plant species on 
the other hand. In the last decades, many studies have attempted to identify characteristics that 
explain species’ invasiveness. Frequently evoked characteristics associated with invasiveness are 
a large native range and the ability of fast dispersal, as induced by short generation times, high 
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seed production, low seed weight and long seed persistence (Rejmánek and Richardson 1996, 
Dukes and Mooney 1999). In particular, reproduction-related traits seem to be closely 
connected to the success of invasive species during the early establishment stage (Cervera and 
Parra-Tabla 2009, Perglová et al. 2009, Kempel et al. 2013, Carboni et al. 2016). A comparative 
study including 14 congeneric pairs of species native to Europe and invasive in the US revealed 
faster germination, higher productivity and a higher proportion of flowering plants of the 
invasive species than of their native congeners (Schlaepfer et al. 2010). Furthermore, high initial 
growth rate and competitive abilities to capture light, such as herbivore resistance facilitate 
exotic species to invade novel environments (Kempel et al. 2013). In this context, Catford et al. 
(2019) additionally studied the link between lifespan, growth form and nitrogen-fixing abilities 
with invasion success. Moreover, the ‘evolution of increased competitive ability hypothesis’ 
(EICA) is one prominent hypothesis proposed to explain an increased competitive ability of 
invading species due to higher growth rates at the expense of a reduced investment in defense 
mechanisms (Blossey & Nötzold 1995). 
In contrast, invasibility describes the vulnerability of an ecosystem, habitat or plant 
community to an invasion of non-native species that might suppress or replace native species 
subsequent to a successful colonization. Environmental conditions and the characteristics of the 
native species community equally determine the invasibility of habitats. Sufficient resource 
availability, low pathogen and herbivore pressure (‘enemy release hypothesis’, ERH) and 
especially disturbance facilitate early establishment and successful plant invasion if propagule 
pressure is adequate (Keane & Crawley 2002, Richardson & Pyšek 2006, Kempel et al. 2013, 
Catford et al. 2019). These abiotic and biotic conditions are closely associated with the recipient 
community characteristics. In a highly productive community, light and nutrient availability 
might be limited due to high levels of competition and establishment of exotic species 
aggravated (Kempel et al. 2013). In line with that, high-diversity communities are frequently 
considered resilient against invasion, as higher diversity is often related to increased niche and 
resource complementarity in a community (see Feng et al. 2019, Smith & Coté 2018). 
Nevertheless, not only species diversity but also species identity determines invasibility of 
recipient communities (Feng et al. 2019). Thus, phylogenetic and functional distance of alien 
species to native species might be crucial for invasion success, but the impact appears to be 
highly context-dependent. Where environmental filtering applies, similarity of native and exotic 
species in environmental adaptations would be expected and of advantage, but if competition 
for resources predominantly drives community assembly, dissimilarity would ensure niche 
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differences and favouring coexistence (Carboni et al. 2016, Feng et al. 2019). Consequently, 
importance of dissimilarity of alien and invasive species increases with higher diversity of 
recipient communities, whereas species diversity of the native community especially matters, if 
alien species are very similar to the native species (Feng et al. 2019). 
Previous studies on invasiveness of species and invasibility of habitats, agree about the fact 
that the significance of these factors is generally context-dependent, scale-dependent and also 
subject to residence time in the new range (Kempel et al. 2013, Carboni et al. 2016, Catford et 
al. 2019).   
1.2. Invasion process & invasion success 
In the course of globalization, a plethora of species have managed to overcome geographic 
barriers and to successfully establish wild populations in the new environment. Following the 
framework for biological invasions proposed by Blackburn et al. (2011), the environmental 
conditions in the invaded range represent an important barrier a species has to face upon arrival 
in a new region before it can survive and finally establish locally. Those naturalized species turn 
into invasive species, if they start to spread over larger distances and form self-sustained 
populations there (Richardson & Pyšek 2006, Blackburn et al. 2011). While the ‘tens rule’ (see 
Williamson & Fitter 1996) assumes only 1% of introduced species to become invasive alien plant 
pests, Richardson & Pyšek (2006) suggested that this rough estimation might be especially 
dependent on the alien species’ residence time. As latency periods (‘lag phases’) of 
indeterminate length can occur between species introductions and the typical exponential 
spread of invasive alien species, currently observed patterns might be the result of species 
introductions from over a century ago (Hulme 2003). 
Different strategies of alien species to overcome the described barriers and become invasive 
have been identified and frequently investigated to date. Two mechanisms that might apply 
non-exclusively have been repeatedly addressed, i.e. the concept of pre-adaptation including 
species sorting following environmental filtering (Theoharides & Dukes 2007, Shine et al. 2011) 
and the role of adaptive evolution following natural selection in the invaded range (Prentis et al. 
2008, Buswell et al. 2011). In fact, some species are pre-adapted to become invasive, as they 
have evolved traits in their native range that confer an advantage in the introduced range 
(Fridley 2013). One result of pre-invasion evolution in the native range might be a large 
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phenotypic plasticity that is especially beneficial during colonization of novel habitats with 
unfamiliar environmental conditions (Parker et al. 2003, Ghalambor et al. 2007, Lamarque et al. 
2015). Post-invasion evolution in the invaded range could be simply the result of genetic drift or 
a reduction of genetic diversity by founder effects (Bossdorf et al. 2005). In contrast, some 
species evolve new traits in response to the novel environments (Erfmeier 2013). Whereas 
evidence for pre-adaptation can be derived from comparing species with different invasive 
potential (Schlaepfer et al. 2010, van Kleunen et al. 2011), more recent local adaptation needs 
to be tested in within-species comparisons of native and exotic origins (Kawecki and Ebert 2004). 
1.3. Plant invasions & global change 
Global environmental change comprises climate change, as well as anthropogenic nitrogen 
deposition, air pollution and an increase of disturbance and propagule pressure of alien species 
in natural habitats (Catford et al. 2017).  A phylogenetically controlled meta-analysis on the 
effect of global change components on the performance of native and invasive species revealed 
that an increase of temperature and CO2 concentrations evoked a stronger performance 
increase in alien species than in natives (Liu et al. 2017). The authors also found a tendency of a 
stronger positive alien response to nitrogen deposition and increased precipitation, but a slightly 
more pronounced negative effect of reduced precipitation on non-native species. Thus, 
especially global warming might accelerate the spread of alien species due to the enhanced 
provisioning of climatically suitable areas with a higher risk of naturalization of alien species 
(Walther et al. 2009). This might particularly apply to higher elevations of mountainous 
ecosystems (Petitpierre et al. 2016) or subsequently to the escape of garden plants from 
captivity (Dullinger et al. 2017, Klonner et al. 2019). The latter group is favoured by the increasing 
horticultural trade that has been identified as a major pathway of introduction for vascular plant 
species (Hulme et al. 2008, van Kleunen et al. 2018). Human transport and the subsequent 
release of plant species beyond their native range is a serious aspect of global environmental 
change resulting in an increased propagule pressure of alien species elsewhere (Mack et al. 
2000, Chapman et al. 2016). Consequently, multiple introductions display a feature of many 
successful plant invasions, as they increase genetic diversity and adaptive potential of alien 
species populations (Gaudeul et al. 2011, Dlugosch & Parker 2008). Chapman et al. (2016) 
identified climate warming in combination with international trade as joint major drivers of 
ragweed invasions with high importance of anthropogenic long-distance dispersal within the 
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invaded range subsequent to the human-mediated introduction from the native range. 
Moreover, an increasingly suitable climate in combination with disturbance events, e.g. fires, 
provide chances for alien species to naturalize and spread successfully, especially if they possess 
high (physiological) plasticity and effective dispersal strategies (Hampe & Petit 2005, Kuhmann 
et al. 2010, Sharma & Raghubanshi 2011). Hence, interacting effects of plant invasions and land 
use intensification were recently found to severely reduce taxonomic and functional richness in 
native plant communities (Gutiérrez-Cánovas et al. 2020). 
Species distribution modelling (SDM) is a suitable tool to assess the potential responses of 
alien plant species to global environmental change and to predict their future distribution 
(Petitpierre et al. 2016, Mungi et al. 2018, Klonner et al. 2019). Nevertheless, challenges for 
SDMs remain as, globally, the spread of invasive alien species is an ongoing process and it can 
be assumed that not all of them have had enough time to colonize all suitable habitats in the 
non-native range yet. Moreover, native niches do not necessarily have to match non-native 
niches (Buckley & Csergö 2017). Thus, additional observational studies of ongoing invasions and 
experimental approaches across multiple species are still essential in invasion ecology. 
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2. UV-B radiation – impact & evolution of an abiotic factor
2.1. Environmental factor UV-B radiation 
Solar radiation naturally contains less than 10% invisible ultraviolet wavelengths (100-400 nm)1. 
Whereas UV-A radiation (315-400 nm) reaches the earth’s surface to almost the full extent, 
wavelengths smaller than 315 nm are predominantly absorbed in the atmosphere by 
stratospheric ozone. Consequently, the complete solar UV-C wavelengths (100-280 nm) and 
about 90% of solar UV-B radiation (280-315 nm) is filtered on its way to the earth’s surface, 
where only 6% ultraviolet radiation remain among surface radiation. In contrast to UV-A 
radiation, high-energy UV-B acts biologically effective, i.e. it is able to cause damage to organic 
material and tissues. In the context of human health, UV-B radiation is especially harmful to 
eyes, erythemally effective or even carcinogenic (Young 2006). 
UV-B radiation intensity varies with season and time of the day depending on solar radiation 
presence, intensity and duration. Surface UV-B levels are also highly dependent on different 
factors that operate on a smaller spatial scale. Complete cloud coverage blocks large amounts 
of UV-B, whereas light cloud appearance or fog might even intensify UV-B radiation. Also water, 
sand or snow surfaces enhance local UV-B levels due to multiple reflection of radiation. 
However, local elevation is most important for effective UV-B intensity, as it increases by about 
10% per 1000 metres in altitude. An additional increase of UV-B intensity at the earth’s surface 
is induced by stratospheric ozone depletion due to the reduced atmospheric filter effect. In 
contrast, anthropogenic air pollution by tropospheric aerosol emissions may decrease the 
regional surface UV-B radiation. On a broader spatial scale, latitude predominantly determines 
UV-B intensity with generally higher levels of UV-B at lower distance to the equator.  
Additionally, there are significant differences in UV-B intensities on a global scale between 
the northern and southern hemispheres (Godar 2005). Aside from the seasonal shift with the 
highest UV-B radiation around July in the northern hemisphere and around January in the 
southern hemisphere, there is also an overall difference in annual and maximum UV-B levels 
(Fig.1). Therefore, comparable latitudes in the northern and southern hemisphere experience 
1 for general information about UV radiation see German Federal Office for Radiation Protection (BfS), 
https://www.bfs.de/EN/topics/opt/uv/introduction/introduction_node.html 
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different amounts of UV-B radiation. The closer earth-sun separation during the southern 
hemisphere summer and the higher solar elevation angle are responsible for up to twofold 
higher intensities in southern hemisphere. Thus, global UV-B differences are a fundamental 
phenomenon but also remain subject to change. 
Figure 1: Global annual mean UV-B radiation intensity based on the glUV dataset (Beckmann et 
al. 2014) 
2.2. UV-B radiation & plants 
Short-wave UV-B is a high-energy radiation that is particularly harmful to organic material and 
tissues. In general, plants respond to UV-B exposure with changes in productivity, plant 
architecture and leaf morphology, such as thicker leaves, leaf shape changes, increased 
branching and altered shoot:root ratios (Kataria et al. 2014, Llorens et al. 2015, Robson et al. 
2015, Suchar & Robberecht 2016).  
Biologically effective UV-B radiation causes interferences at different organizational levels of 
plants, including DNA damage and formation of cyclobutane pyrimidine dimers (Rozema et al. 
1997, Jansen et al. 1998). Beside nucleic acids, the main targets of UV-B radiation at the cellular 
level are Calvin cycle enzymes and photosystem II proteins with a considerable potential for an 
impairment of the photosynthesis apparatus (Kataria et al. 2014). Furthermore, photosynthesis 
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is affected by membrane destabilization, photosystem II inactivation and decreasing 
photosynthetic pigment concentrations (Tevini & Teramura 1989, Tosserams et al. 1996). 
Additionally, decreasing phytohormone concentrations (e.g. IAA), induced by photo-oxidation, 
lead to morphological changes in plants (Rozema et al. 1997, Jansen et al. 1998). Consequently, 
UV-B-exposed plants suffer from reductions in biomass, height and leaf area (Jansen et al. 1998, 
Hofmann et al. 2001) and experience changes in functional leaf traits, such as an increasing leaf 
dry matter content (Beckmann et al. 2012). 
Plants perceive UV-B radiation by the UV-B response locus 8 (UVR8) photoreceptor, that 
directly triggers activation of UV-B acclimation or tolerance mechanisms, such as biosynthesis 
of sunscreen metabolites, antioxidants and DNA repair enzymes (Ulm & Jenkins 2015, Coffey et 
al. 2017). The UVR8 photoreceptor is functionally conserved from green algae to higher plants 
(Fernández et al. 2016) and induced modulation of UV-B screening properties may happen 
within minutes (Barnes et al. 2016). Effective UV-B protection could be also achieved by 
epidermal or cuticular structures and trichomes on the upper leaf surface (Skaltsa et al. 1994, 
Manetas 2003), as well as by production of UV-B absorbing flavonoids and anthocyanins (Tevini 
& Teramura 1989, Jansen et al. 1998). 
Species differ in their responsiveness to UV-B radiation, e.g. Musil (1995) attributed higher 
UV-B resilience to monocotyledons compared to dicotyledonous species. UV-B sensitivity was 
found to be higher in short-lived species (annuals and biennials) than in perennial plant species 
(Suchar & Robberecht 2018). The authors also assumed a stronger effect of UV-B on biomass 
production of plants when they are exposed to increased UV-B levels early in the growing 
season. Furthermore, early stages of plant development and seedling establishment are 
particularly sensitive to biologically effective UV-B radiation, when appropriate protection 
measures are not yet fully evolved. In particular, reduced seedling biomass, inhibited hypocotyl 
or root development and growth abnormalities (e.g. shoot curvature) have been observed in 
response to high UV-B intensities (Krizek 1975, Tosserams et al. 1997, Gonzalez et al. 1998, Dai 
& Upadhyaya 2002). Evidence of UV-B-induced inhibition of germination success has been 
shown in several studies to date (Tosserams et al. 1997, Dai & Upadhyaya 2002, Hock et al. 
2015). Suchar & Robberecht (2016, 2018) additionally assumed a competitive advantage of 
species in high-UV-B conditions due to changes in phenology, e.g. a delayed reproductive timing 
resulting in higher mature seed production. 
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UV-B radiation also affects processes at the ecosystem level, e.g. plant litter decomposition 
is supported by UV-B radiation due to a generally enhanced lignin photodegradation (Austin & 
Vivanco 2006, Song et al. 2012). Nevertheless, UV-B also affects microbial communities with 
important functions in nutrient cycling, changes species composition of fungal communities and 
is known to decrease microbial decomposition rates (Pancotto et al. 2003, 2005, Rinnan et al. 
2005). Under UV-B exposure, even mycorrhization was found to decrease by about 20% in Dutch 
dune grasslands (van de Staaij et al. 2001). In contrast, UV-B radiation appears to induce defense 
abilities of plants against bacterial leaf pathogens and herbivores due to its impact on jasmonate 
signaling (Demkura et al. 2010). Beside the indirect effects on leaf tissue quality traits, also direct 
effects of UV-B on insect herbivores were identified, e.g. increased larvae mortality or behavioral 
changes in response to UV-B perception (see Ballaré et al. 2011). Thus, UV-B exposed plants 
often suffer less from folivorous insect herbivores (see Caldwell et al. 2007, Kuhlmann & Müller 
2010). 
2.3. UV-B radiation & global change 
The evolution of surface UV-B radiation between 1850 and today is clearly illustrated for 
different latitude ranges from the Arctic to the Antarctic by Watanabe et al. (2012, Fig. 2): UV-B 
radiation intensity decreased gradually in the 19th and 20th century. Later on, the decrease was 
accelerated more rapidly in the industrial regions of the northern hemisphere’s midlatitudes 
due to increasing emissions of tropospheric ozone and aerosol precursors. Nevertheless, an 
increase of UV-B intensity was observed in the southern hemisphere, mainly due to the rapid 
stratospheric ozone depletion in the late 20th century. Although ozone depletion currently 
stagnates or reverses, further UV-B intensity changes are expected in all parts of the world. 
Watanabe et al. (2012) predict increasing UV-B in the northern hemisphere due to a recovery of 
air quality and decreasing anthropogenic emissions. In contrast, decreasing UV-B is predicted 
for the southern hemisphere due to ongoing ozone hole recovery. 
However, the particular impact of changes in UV-B intensity on plants and ecosystems should 
not be evaluated separately, but in the context of interactions with other environmental factors 
subjected to influences of climate change. 
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Figure 2: Long-term evolution of the annual mean surface all-sky UV-B radiation simulated by 
MIROC-ESM-CHEM. Relative change to the 1850–1859 average is shown (Watanabe et al. 2012). 
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Bandurska et al. (2013) found evidence for cross-resistance mechanisms of drought and 
UV-B, i.e. plants appeared to be more resistant to UV-B under drought conditions and vice versa. 
This effect is due to a common metabolic plant response to both stresses, which individually 
cause considerable reductions in growth with a more pronounced effect of water deficit on plant 
productivity (Ballaré et al. 2011). Similar cross-protection effects of UV-B and frost were found 
in Rhododendron and Pinus species, based on UV-B-induced phenolics (Chalker-Scott & Scott 
2004, Teklemariam & Blake 2004). The authors assume that UV-B exposed plants might be 
generally more resistant to other environmental stresses, especially if these induce oxidative 
stress in plant cells. In contrast, there is no clear interaction pattern of high temperatures and 
UV-B radiation, as heat tolerance did not increase with UV-B exposure in all studied species (see 
Caldwell et al. 2007). Furthermore, there is only little evidence of interactive effects of UV-B 
radiation and predicted warming (Ballaré et al. 2011). However, the meta-analysis by Caldwell 
et al. (2007) outlines the clear counteractive effect of UV-B radiation and CO2. The study 
revealed the small stimulating effects of increased CO2 on growth responses to be considerably 
depleted or mostly even reversed by elevated UV-B. Increasing nitrogen deposition mainly 
occurs in inhabited areas with agricultural and industrial activity. The interacting effects of 
elevated UV-B radiation and supplementary nitrogen were found to be rather species-specific 
with evidence for an increasing UV-B sensitivity under nitrogen addition for some species and 
an alleviation of UV-B induced growth inhibition by biologically available nitrogen in other 
species (Caldwell et al. 2007, Belnap et al. 2008, Ballaré et al. 2011). 
In addition, the expected changes in abiotic environmental conditions are likely to affect 
current and future plant invasions as one major aspect of global change. To date, the impact of 
UV-B radiation intensity on the spread of alien species has been subject of only a few single-
species studies (Qaderi et al. 2008, Beckmann et al. 2012, Hock et al. 2015, Wang et al. 2016). 
Since detrimental effects of UV-B radiation on plant performance are common ecological 
knowledge and fundamental differences in UV-B radiation intensities exists on a global scale 
with expected regional changes in the context of global change, UV-B radiation might be an 
influencing factor for the invasion success of alien plant species. Thereby, the importance of high 
UV-B radiation for plant invasions might be especially dependent on the ability of alien species 
to either respond plastically to this environmental factor or to already possess or rather evolve 
appropriate UV-B adaptation.  
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3. Thesis structure – objectives & approaches
3.1. Major objective & study descriptions 
The thesis aims at assessing the impact of the environmental factor UV-B radiation on plant 
invasions in high-UV-B environments. Both, non-native plant individuals and the novel 
environment, generally contribute to progress and success of plant invasions (see Fig. 3). As 
explained above, a plant’s characteristics determined by its genotype and to a certain extent 
also expressed in its phenotype, define the invasiveness of an individual. Additionally, the novel 
environment directly influences plant invasion processes not only by displaying the first 
selective filter for alien species after introduction, but also beyond initial establishment local 
environmental factors can actively impinge on genotype and/or phenotype of non-native 
individuals. At the same time, most environments are also subject to constant change due to 
human impact and/or its consequences, such as climate change. In the present thesis, the 
general framework of factors affecting invasion success is applied to plant invasions in high-UV-B 
environments. Nevertheless, not all influencing factors are equally addressed but a focus on the 
effects of genotype and environment were set (Fig. 3). Although the effect of phenotype was 
not directly tested, it is discussed as a potentially applicable alternative hypothesis. 
Figure 3: Conceptual framework of factors affecting plant invasions with indicated focuses of the 
three publications according to Chapters II to IV. 
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Furthermore, it is of specific interest what relevance UV-B radiation exhibits during plant 
invasions, under which circumstances an UV-B effect applies and which underlying mechanisms 
operate. Thus, this thesis intends to address the following research questions: 
• Is there any evidence for a predisposition of exotic species to high levels of UV-B and, if
so, what trait or ability would explain this specific aptitude? Moreover, is it even possible 
to derive information about species’ invasive potential in high-UV-B environments that
might be useful in the context of risk assessment?
• Does UV-B act as a selective force during plant invasions and consequently cause specific 
adaptation to high UV-B levels in exotic populations?
• How does UV-B radiation affect plant performance in interaction with other
environmental factors that are also closely associated with global change and is it
possible to assess the relative importance of UV-B radiation for invasion processes
among macroclimatic factors?
The present thesis combines three studies representing different methodical approaches (see 
Fig. 4) to answer the defined research questions in the context of plant invasions in high-UV-B 
environments: 
Chapter II 
This chapter addresses potential predisposition of plant species to successfully colonize 
high-UV-B environments due to UV-B preadaptation by specific functional plant traits or 
biogeographical characteristics of the native range. The performance of native European 
populations of 25 study species was determined under different UV-B regimes in the native 
and the invaded range. The combination of the multispecies experimental data with 
database information about species traits and native distribution characteristics allows the 
identification of general pre-adaptation patterns among the entire species pool. 
Chapter III 
The study investigates the potential local adaptation of exotic populations to high UV-B 
radiation in the invaded range. Recent evolutionary processes after introduction to the 
invaded range were tested for eight species in two multispecies reciprocal common garden 
experiments in Germany and New Zealand. The chapter aims at assessing the impact of UV-B 
radiation as selective force during plant invasions in New Zealand. 
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Chapter IV 
To evaluate the role of combined effects of drought and high UV-B radiation on plants a 
single-species experiment was conducted in a greenhouse.  Native and exotic populations of 
Verbascum thapsus were exposed to UV-B radiation and drought separately and in 
combination to test for potential cross-resistance effects in response to two concomitant 
limiting environmental factors. 
3.2. Methodological approaches 
To answer the described research questions, different methods were used combining single-
species and multi-species experimental approaches (Fig. 4) with global UV-B satellite data and 
information from species trait and species distribution databases. 
Figure 4: Experimental setups: Reciprocal 
outdoor common garden experiments (see 
Chapters II and III) in New Zealand (A) and 
Germany (B), Verbascum thapsus green-
house experiment (C, see Chapter IV) 
A B 
C 
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Common garden experiments are frequently used in the field of invasion ecology to compare 
the performance of different genotypes, e.g. native and exotic populations, in a common and 
controlled environment and to identify potential genotypic or phenotypic differentiation (e.g. 
see Moloney et al. 2009, Oduor et al. 2016, Jagodziński et al. 2019). In this thesis, reciprocal 
common garden experiments in the native and invaded range were conducted to additionally 
assess the performance of native populations in the high-UV-B invaded range and to 
furthermore derive information about the general aptitude of species. In addition to the 
reciprocal common garden environments with ambient light conditions as provided by their 
respective locations, artificial UV-B radiation was applied in a greenhouse experiment in 
combination with drought, as more controlled conditions were necessary to clearly separate 
effects of the abiotic factors UV-B and drought. 
Moreover, functional trait data from the TRY plant trait database2 (Kattge et al. 2011, 2020) 
were used to characterize the study species. Species distribution data from GBIF3 (The Global 
Biodiversity Information Facility) and the respective information about species status obtained 
from GloNAF4 (van Kleunen et al. 2019) provided macroecological information about total native 
and exotic distribution and general species’ ability to spread extensively on a global scale. To 
define the realized native and exotic UV-B niche, species distribution data was matched with 
global UV-B satellite data from glUV5 (Beckmann et al. 2014). All derived data were used to 
identify species attributes and requirements that might be beneficial for successful colonization 
of high-UV-B environments. 
3.3. Study system & study species 
The strong impact of anthropogenic land use changes on invasibility of native plant communities 
has become very clear in long time isolated systems, such as New Zealand. Before human 
settlement, more than 75% of the island was covered with forest (King 1990). Polynesians 
colonized New Zealand in the 13th century and started burning big forest areas, especially in the 
South Island (Ogden et al. 1998, Hobbs et al. 2006). In consequence, one third of native forest 





Chapter I: General Introduction 
28 
2001). With the arrival of European settlers in the 18th century, a second forest clearing period 
set in to provide space for farms and pastures. Today, only 30% of the native forest has been 
retained and exotic tree plantations of Pinus radiata and Pseudotsuga menziesii cover more than 
5% of the country, as those species display the foundation of New Zealand forestry (New Zealand 
Ministry for Primary Industries6). Open habitats in New Zealand are, in turn, predominantly 
being used as pastures for cattle and sheep. Concomitantly with over 200 years of grazing, 
composition of tussock grasslands changed from tall-growing Chionochloa species to a 
dominance of shorter grasses of the genera Festuca and Poa (Rose et al. 1995, Duncan et al. 
2001). Due to the persistent disturbance of grasslands by grazing, multiple exotic plant species 
(e.g. Trifolium repens) have successfully colonized these cultivated ecosystems and almost 
completely replaced the native vegetation (Clout & Lowe 2000, Hobbs et al. 2006). Thus, the 
biosecurity strategy of the New Zealand government is predominantly based on three main 
priorities: improvement of risk assessment, strict import regulations and local pest 
management. Biosecurity is a central responsibility of the New Zealand Ministry for Primary 
Industries5 that represents the interests of fishery, forestry and agriculture. At the end of the 
19th century, quarantine officers started to check any organic imports to New Zealand7 but until 
today, it is hard to set meaningful criteria to predict species endangering the endemic 
biodiversity. According to the New Zealand Department of Conservation8, 46% of vascular plants 
are classified as threatened with or at risk of extinction.  
New Zealand grasslands display an especially suitable study system to investigate the impact 
of UV-B radiation on plant invasions for several reasons: New Zealand’s location on the southern 
hemisphere leads to historically higher UV-B radiation intensities compared to the northern 
hemisphere native ranges of the majority of introduced species. However, the large grasslands 
of the New Zealand South Island experience temperate climatic conditions that allow 
quantification of effects of high UV-B on plants against the backdrop of an otherwise comparable 
climatic setting. Since the European colonization, a huge number of diverse alien species of 
different growth forms and from several plant families have been introduced from all over the 
world. The establishment and naturalization of many of these species in New Zealand already 
date back more than 150 years, providing the opportunity for genotypic and phenotypic 
adaptation to high UV-B intensities. The 27 herbaceous study species of this thesis belong to 
6 https://www.mpi.govt.nz 
7 https://nzhistory.govt.nz/politics/plant-and-animal-quarantine 
8 https://www.stats.govt.nz, last update: 18.04.2019 
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eleven plant families, are all native to Europe and naturalized in New Zealand (Ngā Tipu o 
Aotearoa - New Zealand Plant Names Database 9, Howell & Sawyer 2006, Tab. 1). 
Table 1: Study species, plant family, the year of recorded naturalization in New Zealand 
(according to the New Zealand Plant Conservation Network database10) and the contribution to 
the studies of this thesis. 
II III IV
Antirrhinum majus Scrophulariaceae 1946 x
Artemisia absinthium Asteraceae 1872 x x
Aurinia saxatilis Brassicaceae 1988 x
Centranthus ruber Valerianaceae 1878 x
Cerinthe major Boraginaceae 1980 x
Cichorium intybus Asteraceae 1867 x
Dianthus barbatus Caryophyllaceae 1872 x
Diplotaxis muralis Brassicaceae 1899 x
Erysimum cheiri Brassicaceae 1875 x
Inula helenium Asteraceae 1958 x
Leontodon autumnalis Asteraceae 1867 x
Linaria purpurea Scrophulariaceae 1875 x x
Lobularia maritima Brassicaceae 1840 x x
Malva neglecta Malvaceae 1867 x
Origanum vulgare Lamiaceae 1944 x x
Potentilla recta Rosaceae x
Prunella laciniata Lamiaceae x
Prunella vulgaris Lamiaceae 1867 x
Silene dioica Caryophyllaceae 1904 x
Silene latifolia Caryophyllaceae 1896 x
Tanacetum parthenium Asteraceae 1875 x
Tragopogon porrifolius Asteraceae 1870 x x
Trifolium medium Fabaceae 1870 x
Trifolium pratense Fabaceae 1867 x x
Trifolium repens Fabaceae 1864 x x
Verbascum thapsus Scrophulariaceae 1867 x
Veronica serpyllifolia Plantaginaceae 1864 x
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Chapter II: Native distribution characteristics rather than 
functional traits explain preadaptation of invasive species to 
high-UV-B environments.  
M. Hock, R. W. Hofmann, F. Essl, P. Pyšek, H. Bruelheide & A. Erfmeier
published in Diversity and Distributions 26(10), 1421-1438 (2020), 
DOI: 10.1111/ddi.13113 
Abstract: 
Aim: Alien species successfully colonize new ranges if they encounter favourable environmental 
conditions there and possess traits that match new challenges. Climate matching approaches 
comparing native and exotic ranges mostly consider temperature and precipitation niches of 
alien species, but have largely ignored UV-B radiation. UV-B fundamentally differs between 
hemispheres, with much higher levels at southern than at northern latitudes. Consequently, 
UV-B might act at the global scale and present a so far neglected filter that species need to 
overcome when invading high-UV-B environments. 
Location: We performed two multi-species common-garden experiments, conducted in the 
native European range (Germany) and the high-UV-B exotic range (New Zealand) to test for 
preadaptation to UV-B.  
Methods: We used 25 herbaceous species from open habitats, which we exposed in each range 
to three UV radiation treatments: (i) natural sunlight, (ii) exclusion of UV-B while allowing natural 
UV-A, and (iii) exclusion of UV-B and UV-A. We additionally used plant traits (TRY), global 
distribution data (GBIF, GloNAF) and global UV-B satellite data (glUV) to determine species-
specific characteristics as fostering agents of UV-B tolerance. The joint analysis of experimental 
and macroecological data allowed quantification of species plasticity and identification of 
beneficial species traits in high-UV-B environments. 
Results: Our results showed an overall limiting effect of UV-B in both common gardens but the 
UV stress response tended to be more pronounced in the invaded range. Across all species, we 
found little evidence for preadaptation by functional plant traits. In contrast, preadaptation to 
climatic conditions related to the species’ native UV-B niche was of greater importance for plant 
performance in the presence of UV-B radiation.  
Main conclusions: For predicting alien species’ ability to expand into high-UV-B environments, 
macroclimatic niche characteristics of the species’ native range might be better predictors than 
functional traits and should be more considered in future projection models.
Diversity and Distributions. 2020;26:1421–1438.  |wileyonlinelibrary.com/journal/ddi
| |
DOI: 10.1111/ddi.13113  
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NZ DE
Antirrhinum majus
Artemisia absinthium 102 2013
Aurinia saxatilis 2013
Centranthus ruber 2012
Cerinthe major 2013 a
Cichorium intybus 103 2013
Dianthus barbatus 109 2013
Diplotaxis muralis 2012
Inula helenium 2013
Leontodon autumnalis 2013 a
Linaria purpurea
Lobularia maritima 2013 a
Malva neglecta 2011
Origanum vulgare 2013 a
Potentilla recta 103
Prunella laciniata 110 2012
Prunella vulgaris 111 2013
Silene dioica 2012
Silene latifolia 2013
Tanacetum parthenium 106 2013
Tragopogon porrifolius
Trifolium medium Fabaceae 100 2013 a
Trifolium pratense Fabaceae 2012
Trifolium repens Fabaceae 2012
Veronica serpyllifolia 2013
a
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Chapter III: Exotic plant species are locally adapted but not   
to high ultraviolet-B radiation: a reciprocal multispecies 
experiment.  
M. Hock, R. W. Hofmann, C. Müller & A. Erfmeier 
published in Ecology 100(5), e02665 (2019), DOI: 10.1002/ecy.2665 
 
Abstract: 
Ultraviolet (UV) radiation intensities differ among global regions, with significantly higher levels 
in the southern hemisphere. UV-B may act as an environmental filter during plant invasions, 
which might particularly apply to plant species from Europe introduced to New Zealand. Just like 
for any other abiotic or biotic filter, successful invaders can cope with novel environmental 
conditions via plastic responses and/or through rapid adaptation by natural selection in the 
exotic range. We conducted a multispecies experiment with herbaceous plants in two common 
gardens located in the species’ native and exotic ranges, in Germany and New Zealand, 
respectively. We used plants of German and New Zealand origin of eight species to test for 
adaptation to higher UV-B radiation in their new range. In each common garden, all plants were 
exposed to three radiation treatments: (1) ambient sunlight, (2) exclusion of UV-B while 
transmitting ambient UV-A, and (3) combined exclusion of UV-B and UVA. Linear mixed-effect 
models revealed significant effects of UV-B on growth and leaf traits and an indication for UV-B-
induced biomass reduction in both common gardens pointing to an impact of natural, ambient 
UV radiation intensities experienced by plants in the northern and in the southern hemisphere. 
In both common gardens, the respective local plants (i.e., German origins in Germany, New 
Zealand origins in New Zealand) displayed enhanced productivity and aboveground biomass 
allocation, thus providing evidence for recent evolutionary processes in the exotic range. 
Genetic differentiation between different origins in consequence of divergent local selection 
pressures was found for specific leaf area. This differentiation particularly hints at different 
selective forces in both ranges while only little evidence was found for an immediate selective 
effect of high UV-B intensities in the exotic range. However, reaction norm slopes across ranges 
revealed higher plasticity of exotic individuals in functional leaf traits that might allow for a more 
sensitive regulation of photoprotection measures in response to UV-B. During the colonization, 
New Zealand populations might have been selected for the observed higher phenotypic 
plasticity and a consequently increased ability to successfully spread in the exotic range.  
Exotic plant species are locally adapted but not to high ultraviolet-B
radiation: a reciprocal multispecies experiment
MARIA HOCK ,1,2,6 RAINERW. HOFMANN,3 CAROLINE M €ULLER,4 AND ALEXANDRA ERFMEIER1,5
1Institute for Ecosystem Research/Geobotany, Kiel University, Olshausenstrasse 75, Kiel 24118 Germany
2Institute of Biology/Geobotany and Botanical Garden, Martin Luther University Halle-Wittenberg, Am Kirchtor 1, Halle 06108
Germany
3Faculty of Agriculture and Life Sciences, Lincoln University, Ellesmere Junction Road/Springs Road, Lincoln 7647 New Zealand
4Faculty of Biology/Chemical Ecology, Bielefeld University, Universit€atsstraße 25, Bielefeld 33615 Germany
5German Centre for Integrative Biodiversity Research (iDiv) Halle-Jena-Leipzig, Deutscher Platz 5E, Leipzig 04103 Germany
Citation: Hock, M., R. W. Hofmann, C. M€uller, and A. Erfmeier. 2019. Exotic plant species
are locally adapted but not to high ultraviolet-B radiation: a reciprocal multispecies experi-
ment. Ecology 100(5):e02665. 10.1002/ecy.2665
Abstract. Ultraviolet (UV) radiation intensities differ among global regions, with signifi-
cantly higher levels in the southern hemisphere. UV-B may act as an environmental filter dur-
ing plant invasions, which might particularly apply to plant species from Europe introduced to
New Zealand. Just like for any other abiotic or biotic filter, successful invaders can cope with
novel environmental conditions via plastic responses and/or through rapid adaptation by natu-
ral selection in the exotic range. We conducted a multispecies experiment with herbaceous
plants in two common gardens located in the species’ native and exotic ranges, in Germany
and New Zealand, respectively. We used plants of German and New Zealand origin of eight
species to test for adaptation to higher UV-B radiation in their new range. In each common
garden, all plants were exposed to three radiation treatments: (1) ambient sunlight, (2) exclu-
sion of UV-B while transmitting ambient UV-A, and (3) combined exclusion of UV-B and UV-
A. Linear mixed-effect models revealed significant effects of UV-B on growth and leaf traits
and an indication for UV-B-induced biomass reduction in both common gardens pointing to
an impact of natural, ambient UV radiation intensities experienced by plants in the northern
and in the southern hemisphere. In both common gardens, the respective local plants (i.e., Ger-
man origins in Germany, New Zealand origins in New Zealand) displayed enhanced produc-
tivity and aboveground biomass allocation, thus providing evidence for recent evolutionary
processes in the exotic range. Genetic differentiation between different origins in consequence
of divergent local selection pressures was found for specific leaf area. This differentiation par-
ticularly hints at different selective forces in both ranges while only little evidence was found
for an immediate selective effect of high UV-B intensities in the exotic range. However, reaction
norm slopes across ranges revealed higher plasticity of exotic individuals in functional leaf
traits that might allow for a more sensitive regulation of photoprotection measures in response
to UV-B. During the colonization, New Zealand populations might have been selected for the
observed higher phenotypic plasticity and a consequently increased ability to successfully
spread in the exotic range.
Key words: environmental filter; multispecies experiment; native and exotic populations; phenotypic
plasticity; plant invasions; recent evolutionary changes; reciprocal common garden; UV-A and UV-B
exclosure.
INTRODUCTION
Plant invasions are globally an increasingly striking
and frequent phenomenon mainly fostered by extensive
human activity and enhanced economic development
(Lodge et al. 2006, Hulme 2009). Most notably, they
occur in previously isolated systems, such as islands,
with serious consequences for native biodiversity and
ecosystem functioning (Kueffer et al. 2010). In conse-
quence, aiming at a better understanding of underlying
mechanisms controlling the success or failure of inva-
sions and thereby the identification of plant species and
traits that have the potential to respond successfully to
novel environmental conditions in new habitats are cen-
tral research goals in invasion ecology.
The ability of exotic species to cope with novel abiotic
and biotic factors is crucial and can be explained by sev-
eral mechanisms. Release from native biotic and abiotic
stressors (Blossey and N€otzold 1995, Lin et al. 2015),
pre-adaptation that might match conditions in the new
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range (Schlaepfer et al. 2010, Elst et al. 2016), high phe-
notypic plasticity in response to a broad environmental
range (Ruprecht et al. 2014, Oplaat and Verhoeven
2015), or occupation of a vacant ecological niche (Dlu-
gosch et al. 2015) can be considered classical ecological
mechanisms enhancing invasion success. Furthermore,
approaches based on the comparison of native and exo-
tic genotypes point to the importance of rapid adaptive
evolution for the successful colonization of the exotic
range (Ziska et al. 2015). While for some plant invasions
it is possible to specifically test and identify single mech-
anisms as predominant keys, most of the mechanisms
are not necessarily mutually exclusive but may act subse-
quently or even simultaneously in different stages of
invasions (Dietz and Edwards 2006, Si et al. 2014, Zenni
et al. 2014, Lamarque et al. 2015).
Rapid adaptive evolution in the exotic range has
mostly been tested by reciprocal transplant or common
garden experiments, since comparing native and exotic
populations in (multiple) common environments allows
to uncover genetic differentiation of origins in measur-
able phenotypic traits (Maron et al. 2004, Flory et al.
2011, M€uller 2018). According to Kawecki and Ebert
(2004), local adaptation can ideally be assessed by test-
ing the “local vs. foreign” criterion among different envi-
ronments, which hypothesizes a better performance of
the local population compared to a foreign population
within a particular environment.
Local adaptation was found to occur in invasive spe-
cies as frequently and as strongly as in native plant spe-
cies as depicted in a recent meta-analysis on 130 studies
(Oduor et al. 2016). Thus, adaptive evolution in conse-
quence of natural selection in the exotic range may apply
to many plant species world-wide. Thereby, local adapta-
tion in the novel habitat can be driven by either an envi-
ronmental constraint or a release: Whereas conditions of
constraints mostly lead to specialization by classical nat-
ural selection, evolutionary responses to release from
stresses might be more often accompanied by pheno-
typic plasticity (Erfmeier 2013). Nevertheless, there is
evidence for phenotypic plasticity to facilitate local
adaptation during plant invasions or even be adaptive
itself (Nicotra et al. 2010). Especially plant populations
with a wide geographic distribution range may display
local adaptation to climatic factors correlated with lati-
tude (Felker-Quinn et al. 2013), and there is a high num-
ber of such examples for several variables, e.g., day
length (Vandepitte et al. 2014), length of growing season
(Colautti and Barrett 2013) and temperature (Molina-
Montenegro et al. 2013).
Beyond those, also ultraviolet (UV) radiation is a cli-
matic factor that significantly differs in intensity at a glo-
bal scale and that is largely subjected to effects of global
change (Watanabe et al. 2012). Nonetheless, UV radia-
tion has been widely ignored to date as potentially selec-
tive environmental filter during plant invasions (but see
Beckmann et al. 2012, Hock et al. 2015, Wang et al.
2015). Due to the lower earth-to-sun distance and the
higher solar altitude during the southern hemisphere
summer, fundamental overall differences in annual and
maximum intensities of UV-A (spectral range: 315–
380 nm) and UV-B radiation (spectral range: 280–
315 nm) occur between hemispheres. Up to twofold
higher UV intensities are observed in the southern hemi-
sphere, in particular, when regions at similar latitude are
compared, e.g., temperate Central Europe with temper-
ate New Zealand (Seckmeyer and McKenzie 1992,
Godar 2007, McKenzie et al. 2007, 2011). Plants can
respond to elevated UV-B radiation with changes in phe-
nology (e.g., a delayed reproductive timing), decreased
productivity, a more compact plant architecture and
changes in leaf morphology, i.e., reduced stem length,
increased branching, thicker leaves with modified leaf
shape and altered root : shoot ratios in various directions
(Kataria et al. 2014, Llorens et al. 2015, Robson et al.
2015, Suchar and Robberecht 2016). At the cellular level,
the main targets of high-energy UV-B radiation are
nucleic acids, Calvin cycle enzymes and photosystem II
proteins with a significant potential for photosynthesis
apparatus damage (Kataria et al. 2014). Thus, UV-B
also triggers biosynthesis of sunscreen metabolites, such
as phenolics, antioxidants, and DNA repair enzymes
(Ulm and Jenkins 2015, Barnes et al. 2016). Due to
potential costs involved in these responses, increased
UV-B radiation may consequently result in decreased
competitive ability and reduced fitness of individuals
with potentially negative implications for establishment
and colonization in novel environments. UV-A radiation
is highly related to UV-B and known for its mitigating
effect, as it induces protection measures of the photosyn-
thetic apparatus under abiotic stress conditions (e.g.,
high UV-B, drought) and therefore increases physiologi-
cal resilience (Stroch et al. 2015, Escobar-Bravo et al.
2017, Verdaguer et al. 2017). Thus, investigation of UV-
B radiation effects on individual plants performance and
population fitness should be conducted under natural
radiation conditions to ensure ecologically relevant UV
environments characterized by a particular relation of
UV-A, UV-B, and photosynthetically active radiation
(PAR: 380–700 nm; Kuhlmann and M€uller 2011).
Here, we studied variation in growth traits of individu-
als from German and New Zealand origins of eight
herbaceous plant species exotic in New Zealand in
response to UV radiation. We compared performance
under each of three UV treatments additionally imple-
mented in two common gardens reciprocally established
in the species’ “native” (Germany) and exotic range
(New Zealand, Fig. 1). Based on the known detrimental
effects of UV-B radiation on plants, we tested for evi-
dence of UV-B as a driver of recent adaptive evolution
during plant invasions in high-UV-B environments. We,
specifically, hypothesized that (1) natural UV-B radia-
tion generally constrains plant performance with stron-
ger growth-limiting effects in the exotic range New
Zealand, (2) divergent natural selection has already
resulted in differentiation between plant individuals of
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German and New Zealand origins due to different local
selection pressures, and (3) local populations in the exo-
tic range New Zealand have specifically adapted to ele-
vated UV-B and therefore show higher UV-B tolerance.
Alternatively, higher UV-B tolerance may be a result of
selection for high phenotypic plasticity during coloniza-
tion. To our knowledge, this is the first study addressing
local adaptation of exotic species to elevated UV-B
intensities in the exotic range via a multispecies recipro-
cal common garden approach.
METHODS
Experimental design
We conducted a common garden experiment including
individuals of eight herbaceous species (Table 1) in,
both, the native range (Germany) and the exotic range
(New Zealand). In Germany, the experiment was per-
formed in the Botanical Garden of Kiel University
(54.34583° N, 10.11632° E) during the northern hemi-
sphere summer season 2015 (July–October), whereas the
New Zealand common garden was established at Lin-
coln University (43.64506° S, 172.4620° E) during the
southern hemisphere summer season 2014–2015
(December–March).
In both common gardens, German and New Zealand
individuals of all study species were grown. The investi-
gated species represent a subset of a larger species pool
included in another experimental approach within the
described setting (M. Hock et al., unpublished data) and
were selected based on seed availability for both ranges.
All eight species prefer open, unshaded habitats, are fully
naturalized in New Zealand (Allan Herbarium 2000,
Howell and Sawyer 2006) and, hereafter, considered to
be native to Europe although they comprise different
degrees of nativeness (Germplasm Resource Information
Network [GRIN]; data available online).7 In the present
study, the status and term native was allocated to species
native to Germany in the strict sense (Trifolium repens,
Trifolium pratense, Origanum vulgare), German
FIG. 1. Experimental design of common garden experiments indicating the factors of common garden, i.e., experimental setting
in the two ranges, origin, i.e., population origin of either German or New Zealand provenance, and levels of experimental ultraviolet
(UV) treatments. This setting was conducted for each of the eight study species (Appendix S1) in a common design. DEU,
Germany; NZL, New Zealand; POLY, polycarbonate (UV-A|UV-B); PETG, polyethylene terephthalate glycol (+UV-A|UV-B);
ACRY, acrylic (+UV-A|+UV-B).
TABLE 1. Study species, the year of recorded naturalization in
New Zealand (according to the New Zealand Plant
Conservation Network database), and their experimental
duration in days in both common garden experiments in New





















Brassicaceae 1840 73† 77†
Origanum
vulgare L.
Lamiaceae 1944 78† 77†
Tragopogon
porrifolius L.
Asteraceae 1870 104 74
Trifolium
pratense L.
Fabaceae 1867 78† 73†
Trifolium
repens L.
Fabaceae 1864 79† 74†
† Species that reached the reproductive stage during the
experiments.
7 https://www.grin-global.org/
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archaeophytes (Artemisia absinthium, Erysimum cheiri)
and species that are native only to other parts of Europe
but that also occur in Germany (Linaria purpurea,
Tragopogon porrifolius, Lobularia maritima). German
and New Zealand seeds were either purchased from
commercial seed companies and botanical gardens or
provided by the Lincoln University (New Zealand seeds
of Trifolium pratense and Trifolium repens), and jointly
cultivated in both common gardens (Table 1 and
Appendix S1 for species list and seed origin informa-
tion). All seeds originated either from established ex situ
outdoor populations or from propagation areas of regio-
nal genotypes to ensure that the plants had experienced
growth under natural solar radiation and were able to
adapt to ambient conditions. All seeds were germinated
in the greenhouse (either in New Zealand or in Ger-
many) under controlled conditions in seedling trays. In
the following, we distinguish seeds of local populations
(i.e., German populations tested in Germany, New Zeal-
and populations tested in New Zealand) and seeds of
foreign populations (i.e., German populations tested in
New Zealand and New Zealand populations tested in
Germany). Individuals were transferred to 2-L pots
about six to eight weeks after sowing. Legal import reg-
ulations precluded the use of identical substrate and
thereby the use of standardized soils across experiments.
We therefore made use of local common usage substrates
at the two gardens: New Zealand substrate was based on
bark and pumice, supplemented with horticultural lime
and slow-release fertilizer (3 kg/m3). In Germany, we
used a peat substrate with natural clay, supplemented
with directly soluble mineral nutrients and slow-release
fertilizer (3 kg/m3). Plants were assigned to the experi-
mental settings when they were 10 weeks old.
In both common gardens, the plants were exposed to
three UV treatments, including (1) full exposure to
ambient, natural UV-A, and UV-B radiation, (2) exclu-
sion of UV-B while allowing natural UV-A, and (3) total
exclusion of both UV-A and UV-B wavelengths (Fig. 1).
These three UV environments allowed for the compar-
ison of ambient solar radiation conditions and two arti-
ficial UV environments to derive the ecologically
inseparable effects of UV-A and UV-B, such as the not
fully understood UV-A mitigation effect (Verdaguer
et al. 2017). To apply these UV treatments to the plants,
we used in both common gardens each six UV cabinets
(Appendix S2) per UV treatment, equipped with acrylic
(PLEXIGLAS GS 2458 clear; Evonik Industries AG,
Essen, Germany), polyethylene terephthalate glycol
(Polycasa PETG clear B1; thyssenkrupp Plastics GmbH,
Essen, Germany) and polycarbonate sheets (Makrolon
GP clear 099; thyssenkrupp Plastics GmbH), respec-
tively. One individual of each species was randomly
assigned and positioned in each UV cabinet, resulting in
six replicates per species and treatment (totaling 18 indi-
viduals per species). Each three of the six replicates per
species and treatment originated from either a local or a
foreign seed source, resulting in three replicates per
species, treatment and origin. In total, six local and for-
eign individuals of each species were randomly allocated
to the six UV cabinets representing one UV treatment
level. In consequence, each UV cabinet contained only
one individual per species (either local or foreign), but,
in total, eight individuals of different species and of ran-
domized mixed origin. In order to counteract potential
undesired shading effects of neighboring plants, we ran-
domly repositioned all plants within the UV cabinets
every other week during the experimental runtime.
To characterize climate conditions at the experimental
sites, we obtained official climate data for Germany from
the Climate Data Centre of Deutscher Wetterdienst
(DWD; data available online) and the Federal Office for
Radiation Protection (BfS; data available online).8,9 New
Zealand climate data was obtained from the National Cli-
mate Database (NIWA; data available online) and the UV
Atlas Version 2.2 (Bodeker et al. 2006).10 Both experi-
ments had comparable temperature conditions during
their respective runtime with a maximum temperature of
about 30°C but a slightly lower minimum temperature in
New Zealand during that period (DEU, 4.1°C; NZL,
2.1°C). Dependent on species-specific experimental dura-
tion (see Data collection), plants experienced in total up
to 495 sunshine hours in Germany and 760 h of sun in
New Zealand, resulting on average in one sunshine hour
by experimental day more in New Zealand than in Ger-
many. The mean daily global radiation dose was about
twice as high in the New Zealand common garden com-
pared to the common garden in Germany. UV-B intensi-
ties showed a significant difference between both sites
with 2.5 times higher daily UV-B dose in New Zealand
and, consequently, a maximum UV-B radiation sum of
3,454 kJ/m2 compared to 974 kJ/m2 in Germany
(Appendix S3). All information on climate data including
the specification of data source and the distance of the
respective measuring stations to the common garden
locations is listed in the appendix (Appendix S3).
Data collection
To address plant responses to UV-B with respect to
photoprotection ability and individual performance,
such as fitness-relevant traits, we determined responses
at different organizational levels ranging from leaf traits,
through whole-plant responses, to measures of reproduc-
tion. All 287 individuals were harvested species-wise
depending on the species-specific developmental climax,
i.e., the moment of maximum biomass production prior
to seasonal wilting of inflorescences or leaves (see
Table 1 for species-specific experimental duration).
Accordingly, the species remained for different periods
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New Zealand experiment and from 73 to 77 d in the
German experiment. Persistently stable late summer cli-
matic conditions in New Zealand in March 2015 allowed
for an extended experimental runtime, whereas harsher
climatic conditions in early October 2015 in Germany
resulted in an earlier termination of the common garden
experiment due to an earlier induced senescence.
Especially leaf traits, such as specific leaf area (SLA)
and leaf dry matter content (LDMC) have proven to be
strongly sensitive to UV radiation (Robson et al. 2015).
Therefore, at the harvest day, we determined maximum
leaf length of all individuals, sampled fresh material of
several fully developed and healthy leaves in a standard-
ized way and determined leaf area with WinFOLIA 2015
software (Regent Instruments Inc., Quebec, Canada). For
each individual, the functional leaf traits SLA and LDMC
were subsequently calculated. Based on freeze-dried leaf
material, we used elemental analyzer measurements (Euro
EA 3000; HEKAtech GmbH, Wegberg, Germany) for
determination of total foliar carbon content and nitrogen
content, as in previous studies a wider C:N ratio turned
out to be an indicator for stressful environmental condi-
tions (Chen et al. 2015). Furthermore, secondary metabo-
lites have shown to be a good indicator for high UV levels
at lower organizational levels (Kataria et al. 2014). Thus,
to determine the concentration of total phenolics, 0.01 mg
homogenized leaf material was extracted twofold in 80%
methanol. After centrifugation, the absorption of the
supernatants was measured at 765 nm in a plate reader
after addition of Folin-Ciocalteu reagent (following Austel
et al. 2016). A concentration series of gallic acid was mea-
sured in parallel and the total phenolics concentration per
sample was calculated as gallic acid equivalent.
In order to assess the reproductive effort of all flower-
ing individuals, we counted the number of inflorescences.
As characteristic growth traits that may be affected by
UV radiation, plant height and maximum plant expan-
sion were determined at the harvest day. Aboveground
and belowground biomass were separated, dried at 80°C
for 48 h and subsequently weighed. Finally, the root :
shoot ratio was calculated for each individual as alloca-
tion variable.
Statistical analysis
As we were more interested in identifying overall effects
across the species of the entire species pool rather than in
particular species-specific differences, all data were stan-
dardized by z-transformation within species and the
resulting z scores were used for subsequent analysis (ac-
cording to Haider et al. 2012). The standardization of
absolute changes in response variables (raw scores) results
in a comparable expression of the within-species response
to different environments. The z scores represent the num-
ber of species-specific standard deviations and, thus,
allow accounting for absolute species-inherent differences
(see Appendix S4 for species-specific variance in raw
data). For data analysis, linear mixed models were applied
in R (Version 3.2.3; R Core Team 2017) using the func-
tion lmer (packages lme4 [Bates et al. 2015], lmerTest
[Kuznetsova et al. 2016]) and type 3 sum of squares. We
tested for effects of experimental site, addressed as range
in the following (native DEU, exotic NZL), UV treatment
(UV-A|UV-B, +UV-A|UV-B, +UV-A|+UV-B), and
origin (DEU, NZL), as well as all their interactions. We
additionally included specific experimental duration of
individuals dependent on species and experimental site as
a covariate. Furthermore, we defined three nested ran-
dom effects (according to Zuur et al. [2009]) to correct
for the block effect of UV cabinets, that did not display
true replicates of each other, and included cabinet : range,
cabinet : UV treatment, and cabinet : origin. To correct
for potential species identity effects in the multispecies
approach, e.g., due to functional trait differences between
species, origin : species and UV treatment : species were
additionally included as random effects in the model.
Separate analyses on initial plant height and leaf numbers
revealed no significant difference between treatments or
origins prior to the experimental UV treatment (data not
shown).
RESULTS
For most of the variables tested, we found significant
range effects and range 9 origin interactions, indicating
a different outcome due to the location of the common
gardens, whereas main effects of origin and UV treat-
ments were of importance only for selected variables
(Table 2).
Range effects
In the exotic range in New Zealand, plants had gener-
ally higher values in total biomass, plant height, and
number of inflorescences than in the native range in Ger-
many (Figs. 2a, 3b, Table 2). Leaves of plants grown in
the exotic range were characterized by a wider C:N ratio,
as well as a higher LDMC and total phenolic concentra-
tions compared to plants grown in the native range
(Figs. 2e, g, 3a, Table 3). In contrast, plants grew signifi-
cantly larger leaves with higher maximum leaf length in
the native range common garden (Fig. 2d, Table 3).
Effects of UV treatment
Across all species in both common gardens, UV treat-
ment effects were clearly expressed in maximum plant
expansion and phenolic concentrations (Tables 2, 3;
Appendix S5). Maximum plant expansion was signifi-
cantly reduced under full solar UV-B radiation com-
pared to UV filter treatments with a tendency to a
stronger reduction in New Zealand individuals (Fig. 4b,
Table 2). Leaf phenolic concentrations were significantly
increased in the presence of UV (Fig. 3a, Table 3).
Although not displaying overall significance, total bio-
mass and maximum leaf length tended to be lower under
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UV-B exposition (Fig. 4a, c, Tables 2, 3). In the German
common garden, the number of inflorescences was high-
est in environments with total UV exclusion and lowest
in presence of UV-A but absence of UV-B. The trend
across UV environments was the opposite for plants
grown in the exotic range common garden, while the
number of inflorescences was generally higher when
plants were grown in New Zealand (Fig. 3b, Table 2).
Differences between origins
Across all species, SLA was significantly higher in
individuals from New Zealand populations (Figs. 2f,
4d). This difference was accompanied by a significant
range 9 origin interaction, displaying increased SLA
for New Zealand individuals when grown in the German
common garden, whereas the range had no significant
effect on the SLA of German individuals (Fig. 2f,
Table 3). In addition, there were numerous interaction
effects of range and origin across all groups of variables
indicating increased responses in their respective home
common garden: the local individuals concordantly
showed higher total biomass as well as maximum expan-
sion in the German and in the New Zealand common
garden, compared to the respective foreign individuals
(Fig. 2a, c, Table 2). Significant origin 9 range interac-
tion effects indicate a narrow root : shoot ratio of New
Zealand plants in their home range and a wider root :
shoot ratio in plants grown in the German common gar-
den, whereas German individuals did not show substan-
tially modified allocation patterns across ranges
(Fig. 2b, Table 2). While in the exotic range common
garden, maximum leaf length was at a similar level for
plants of both local and foreign origins, plants of local
origins responded with much longer leaves than those of
foreign origins when tested in the native range common
garden, thus displaying a significant range 9 origin
interaction (Fig. 2d, Table 3). Also for LDMC and the
C:N ratio plants of both origins displayed similarly high
values in the exotic range common garden but tended to
diverge in the native range only (Fig. 2e, g, Table 3).
We did not find any significant origin 9 treatment
interaction effects pointing at differentiated origin-speci-
fic responses to UV radiation, although plants of both
origins at least tended to respond differently to the UV
treatments in terms of maximum plant expansion and
SLA area (Fig. 4b, d, Table 3).
DISCUSSION
To test for the general effects of UV-B radiation on
plants and for the impact of different natural UV-B radi-
ation intensities in Germany and New Zealand, we
specifically evaluated the significant effects of the
applied UV treatments and respective UV treat-
ment 9 experimental site interaction effects. We further-
more aimed to identify origin differentiation between
local and foreign individuals in both common garden
experiments according to the second hypothesis by inter-
pretation of origin effects and interaction effects of ori-
gin with experimental sites. Finally, we wanted to assess,
whether there is even evidence of origin differentiation
caused by local adaptation to UV-B radiation regimes in
high-UV-B environments as stated in the third hypothe-
sis and supported by UV treatment 9 origin interaction
effects.
Across all variables studied, leaf traits consistently dis-
played the strongest responses to most of the predictors
of range, origin and UV. In contrast, allocation and
growth traits were more triggered by range and
range 9 origin interactions, while the number of inflo-
rescences was responsive to range 9 UV treatment
interactions only.
UVeffects on plants
The reduction of maximum plant expansion, as well as
an overall increase of leaf phenolic concentrations due to
solar UV radiation across both ranges confirms previ-
ously observed changes in plant morphology and leaf
compounds in response to UV radiation (Suchar and
Robberecht 2014, Coffey et al. 2017). However, it is most
TABLE 2. Fixed-effect results of the mixed model analysis of growth and reproduction traits across both common garden
experiments (range).
Source dfN
Total biomass Plant height Max. plant expansion Root : shoot ratio No. inflorescences
dfD F P dfD F P dfD F P dfD F P dfD F P
Range 1 148.7 19.418 <0.001*** 49.8 40.081 <0.001*** 257.9 0.321 0.572 259.6 1.679 0.196 191.4 47.768 <0.001***
UV 2 27.8 2.555 0.096. 19.0 1.327 0.289 113.8 3.120 0.048* 99.9 0.310 0.734 11.5 0.017 0.984
Origin 1 13.3 0.784 0.392 13.9 0.114 0.741 14.5 0.080 0.781 14.4 0.027 0.871 9.0 0.140 0.717
Experiment
duration
1 86.4 0.114 0.736 243.7 38.013 <0.001*** 199.7 15.439 <0.001*** 209.0 5.564 0.019* 195.6 17.070 <0.001***
Range 9UV 2 93.8 1.654 0.197 18.0 0.744 0.489 115.9 0.753 0.473 103.3 1.421 0.246 181.1 6.182 0.003**
Range 9 origin 1 266.4 9.104 0.003** 257.5 0.357 0.551 254.3 4.628 0.032* 253.8 5.772 0.017* 184.4 0.959 0.329
UV 9 origin 2 257.2 0.725 0.485 254.7 0.587 0.557 113.6 2.635 0.076. 99.6 0.062 0.940 185.9 0.787 0.457
Range 9
UV 9 origin
2 256.9 0.380 0.684 254.7 0.147 0.863 115.8 0.116 0.891 103.3 0.215 0.807 185.9 0.428 0.653
Notes: UV (ultraviolet) depicts the effect of additional UV treatments, origin refers to the effect of German vs. New Zealand
provenance. Harvest traits were standardized by z-transformation within species. Degrees of freedom (dfN = numerator, dfD = de-
nominator), F statistics (F), and significance values (P) are provided. Values in boldface type indicate significant P values
(*P < 0.05; **P < 0.01; ***P < 0.001) and values in italic typeface indicate marginal effects. (P < 0.1).
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notable that these effects were consistent across multiple
species, origins and in different regions. In line with these
effects, also total biomass and maximum leaf length
tended to be reduced by exposure to full solar wave-
lengths including all UV components. While phenolics
are known to be easily induced by low UV-B doses, only
higher doses additionally trigger a more generic stress
response that may involve changes in cell cycle activity
and result in biomass/leaf area loss (Robson et al. 2015).
This difference in trait responses at different organiza-
tional levels ranging from accumulation of a class of com-
pounds within plant cells up to whole-plant responses is
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FIG. 2. (a–g) Effects of origins across common gardens. Reaction norms (predicted means  SE) of German (gray, dashed line)
and New Zealand (black, solid line) populations across the native (DEU) and exotic range (NZL) for (a) total biomass (n = 287),
(b) root : shoot ratio (n = 284), (c) maximum plant expansion (n = 286), (d) maximum leaf length (n = 287), (e) leaf dry matter con-
tent (n = 264), (f) specific leaf area (n = 264) and (g) leaf carbon:nitrogen ratio (n = 248 of 7 species). The number of species
included was 8 if not stated differently. Significance levels (†P < 0.1, *P < 0.05, **P < 0.01, ***P < 0.001) are given for effects of
range (R), origin (O) and their interaction (R 9 O).
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partly reflected in the patterns and in the strength of sig-
nificance effects encountered in our data set. In contrast
to our first hypothesis, the absence of range 9 UV treat-
ment interaction effects in leaf and growth traits indicates
that UV radiation affected plants similarly in both ranges,
despite significant differences in ambient UV intensities
between the two experimental sites (Appendix S3). Never-
theless, shorter leaves with higher LDMC and narrower
C:N ratio, as well as clearly increased levels of phenolic
concentration in plants grown in the New Zealand com-
mon garden hint at less favorable environmental condi-
tions as, e.g., caused by higher UV radiation intensities in
the exotic range (Bacelar et al. 2015, Robson et al. 2015).
However, our results provide evidence for differences in
plant responses between the common garden experiments
even in the full UV exclosure treatment and, therefore,
point at the existence of further local factors that affect
plant phenotypes in both ranges in addition to UV radia-
tion. Accordingly, enhanced productivity as expressed in
increased plant height and higher total biomass in the
exotic range may also be induced by co-varying condi-
tions that are more beneficial in the New Zealand com-
mon garden than in the German one, e.g., higher global
radiation intensity (as indicated, e.g., by higher global
total radiation and higher number of total sun hours in
NZ, see Appendix S3), longer day length due to shorter
distance to the equator, and consequently higher photo-
synthesis. In line with these thoughts, in the exotic range
common garden only, highest maximum leaf length and
number of inflorescences was observed under UV-A
exposure in combination with simultaneous UV-B exclo-
sure, pointing at the potentially facilitative effects of high
UV-A radiation intensities (Verdaguer et al. 2017) as they
might exclusively occur in the southern hemisphere.
According to our first hypothesis, plant growth and
development were significantly affected by natural UV-B
radiation but the effect appeared to be predominantly
independent of experimental site. The observed UV
effects on plant physiology and morphology generally
emphasize the fundamental importance of this environ-
mental factor for plant growth and development and indi-
cate that differences in both UV-A and UV-B intensities
may be involved in explaining differences in performance
in plant invasions.
Genetic differentiation and local adaptation in the exotic
range
According to the second hypothesis, we expected an
origin-dependent differentiation in consequence of
divergent selection pressures in the two ranges that
might hint at local adaptation. Specific leaf area was the
only trait to display an overall difference between origins
consistently across all UV levels or ranges tested, with
smaller SLA in German than in New Zealand plants.
This response obviously suggests genetically fixed differ-
entiation in SLA across different environments as result
of a divergent natural selection in the native and exotic
range (see also Mozdzer and Zieman 2010, Leishman
et al. 2014). Specific leaf area of New Zealand individu-
als was furthermore strongly increased when plants were
grown in the native range, possibly indicating a release
from high-energy wavelengths and hence a lack of neces-
sity for leaf thickening to provide photoprotection. Con-
sistent with SLA responses in plants from New Zealand,
there tended to be generally a lower LDMC and a nar-
rower C:N ratio that further decreased when plants were
grown in the native range, whereas German individuals
did not substantially modify their leaf traits between
ranges (porigin:range < 0.1). The development of thinner
leaves with reduced LDMC is a syndrome of lower-cost
products and might be a useful strategy for New Zeal-
and individuals under elevated UV-B radiation, espe-
cially if DNA photorepair works well and epidermal
FIG. 3. (a, b) Effects of ultraviolet (UV) treatments in common gardens. Predicted values  SE of (a) phenolic concentration
(n = 247 of 7 species) and (b) the number of inflorescences (n = 215 of 6 species) across the native (DEU) and exotic range (NZL)
for the UV treatments (+UV-A|+UV-B, +UV-A|UV-B, UV-A|UV-B). Significance levels (*P < 0.05, **P < 0.01,
***P < 0.001) are given for effects of range (R), UV treatments (UV) and their interaction (UV 9 R).
Article e02665; page 8 MARIA HOCK ET AL. Ecology, Vol. 100, No. 5
Chapter III: Exotic plant species are locally adapted but not to high UV-B radiation
59
absorbance by secondary metabolites is simultaneously
enhanced (Feng et al. 2008, Suchar and Robberecht
2014). This would be worth to be tested in a future study,
as following the third hypothesis, New Zealand individu-
als were expected to evolve such specific adaptations to
higher UV-B intensities in the exotic range. In the pre-
sent study, we were able to show patterns of local adap-
tation following the “local vs. foreign” criterion
(Kawecki and Ebert 2004) by crossed origin 9 range
interactions for several variables of productivity (total
biomass), biomass allocation (root : shoot ratio), plant
architecture (maximum plant expansion), and leaf traits
(leaf length). For these variables, the local individuals
reached higher performance in their respective home
common gardens, although the “home vs. away” crite-
rion (Kawecki and Ebert 2004) was not met simultane-
ously in most cases, i.e., performance across ranges
might still result in a better performance away from
home (Leimu and Fischer 2008). Thus, we found evi-
dence for adaptation of populations to local environ-
mental conditions, resulting in more productive
individuals with enhanced competitive ability due to
higher investment in aboveground biomass and conse-
quently enhanced space occupation. However, while the
discussed local adaptation might be associated with dif-
ferences in UV intensities between ranges, it may addi-
tionally induced by other differences in local selection
pressures, e.g., herbivory, pathogens, or macroclimatic
factors (Kuhlmann and M€uller 2009, Escobar-Bravo
et al. 2017).
Although the observed origin differentiation was not
clearly attributable to selection by high UV-B intensi-
ties (contrary to our third hypothesis), we found a
crossed reaction norm of German and New Zealand
individuals for maximum plant expansion along the
three UV treatments (porigin:treatment < 0.1). Under full
solar UV radiation, individuals from the exotic range
were characterized by smaller maximum plant expan-
sion compared to the German individuals, whereas the
relationship was reversed under total exclusion of UV
wavelength. The reduction in size could be either
interpreted as an immediate consequence of UV-B-
induced growth inhibition or, as an alternative, might
indicate a morphological adaptation of New Zealand
individuals to high UV-B radiation intensities in New
Zealand, as photodamage might be efficiently pre-
vented by downsizing the UV-B-exposed plant surface
area. To elucidate the causal dependency here, one
would have to additionally compare fitness traits, e.g.,
investment in reproductive biomass or number of fertile
seeds, and thus test whether fitness is also reduced or
being maintained. In contrast to previous studies (Rob-
son et al. 2015, Fraser et al. 2017), German individuals
did not show any plant architecture change in response
to UV radiation that might hint at a lack of necessity
regarding strong photoprotection in their home range.
However, both strategies might be a consequence of
local selection due to ambient UV-B radiation intensi-
ties in the respective home range, as different UV
response patterns of German and New Zealand indi-
viduals across the UV treatments clearly displayed dif-
ferentiation of origins within species that is less likely
to be affected by other local environmental factors.
Phenotypic plasticity
The various significant interaction effects of origin
with range in the present study, but only few general dif-
ferences between German and New Zealand individuals
hint at the importance of trait plasticity, rather than
genetic differentiation due to divergent natural selection
in the native and exotic range.
The comparison of reaction norm slopes in traits from
plants of both origins among different environments
allows assessing the role of plasticity by traits (Schlicht-
ing and Pigliucci 1998, Kawecki and Ebert 2004, Chun
et al. 2007). In the present study, several traits showed
notably steeper reaction norm slopes of plants from
New Zealand in both common gardens (e.g., SLA,
LDMC, C:N ratio) and therefore New Zealand individu-
als might be considered more plastic in functional leaf
traits, which play a major role in photoprotection
TABLE 3. Fixed-effect results of the mixed model analysis of leaf traits across both common garden experiments (range).
Source dfN
Maximum leaf length Specific leaf area Leaf dry matter content C:N Phenolic concentration
dfD F P dfD F P dfD F P dfD F P dfD F P
Range 1 258.0 28.180 <0.001*** 46.0 2.669 0.109 58.6 11.096 0.002** 205.1 8.808 0.003** 63.0 48.702 <0.001***
UV 2 16.9 3.239 0.064. 30.2 0.292 0.749 29.4 0.233 0.794 89.7 0.205 0.815 11.9 4.805 0.030*
Origin 1 13.0 0.158 0.697 14.8 57.949 <0.001*** 12.3 2.050 0.177 10.6 2.075 0.179 10.3 0.164 0.693
Experiment
duration
1 233.0 0.304 0.582 49.3 0.127 0.723 94.8 6.141 0.015* 155.3 6.202 0.014* 84.1 8.277 0.005**
Range 9UV 2 100.5 0.763 0.469 30.2 0.649 0.529 29.4 0.046 0.955 93.6 0.419 0.659 91.8 0.811 0.447
Range 9
origin
1 239.6 10.936 0.001** 245.5 12.576 <0.001*** 245.7 3.541 0.061. 222.1 2.810 0.095. 213.8 2.698 0.102
UV 9 origin 2 98.8 0.385 0.681 236.6 2.758 0.065. 229.6 0.477 0.621 89.7 1.989 0.143 50.8 1.5180.229
Range 9
UV 9 origin
2 102.2 1.724 0.183 236.7 0.360 0.698 229.6 1.345 0.263 93.6 0.114 0.893 53.8 0.056 0.946
Notes: UV depicts the effect of additional UV treatments, origin refers to the effect of German vs. New Zealand provenance.
Harvest traits were standardized by z-transformation within species. Degrees of freedom (dfN = numerator, dfD = denominator),
F statistics (F), and significance values (P) are provided. Values in boldface indicate significant P values (*P < 0.05, **P < 0.01,
***P < 0.001) and values in italic typeface indicate marginal effects. (P < 0.1).
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measures of plants and most likely facilitate a higher
UV-B tolerance. Accordingly, during colonization, exo-
tic genotypes might also have been selected for high phe-
notypic plasticity in the exotic range New Zealand
(Oplaat and Verhoeven 2015, Turner et al. 2015). Result-
ing enhanced UV-B tolerance furthermore explains
higher plasticity in terms of a stronger increase in pro-
ductivity (total biomass) in the exotic range. High plas-
ticity of genotypes in traits across different environments
(“general-purpose-genotype” according to Parker et al.
2003) has been frequently considered beneficial in the
context of colonization of new habitats (Richards et al.
2006, Hulme 2008). It might display a regulatory
response of plants to increase their tolerance to changing
conditions and therefore adjust their phenotype to site-
specific requirements (“adaptive plasticity” according to
Donohue et al. 2000, Ghalambor et al. 2007). On the
other hand, phenotypic plasticity could just represent
the plant’s sensitivity to environmental factors and, thus,
moves individuals away from the optimal phenotype
(“non-adaptive plasticity” according to van Kleunen and
Fischer 2005, Ghalambor et al. 2007). In the present
study, enhanced UV-B tolerance combined with a higher
performance under moderate or even demanding radia-
tion conditions in high-UV-B environments rather sup-
port the concept of “adaptive plasticity” according to
Ghalambor et al. (2007) as a valuable strategy to cope
with high UV-B intensities.
In the present study, German individuals were found
to be more plastic in leaf length and phenolic concen-
tration, i.e., in variables that are more likely to display
photodamage responses to higher UV-B intensities and
therefore hint at insufficient physiological photoprotec-
tion. One of the rare studies that compared the photo-
protective strategies of an invasive species and a
coexisting native species (Fenollosa et al. 2017),
described an interesting pattern: whereas the native
species showed a “saving strategy” by restricting physi-
ological variation to the minimum and only adapted
morphologically, the invasive species used an “all-in
strategy” by stimulation of multiple photoprotection
mechanisms. The authors assume that an all-in strat-
egy would be especially suitable in environments with
less predictable climatic conditions. Based on this find-
ing, New Zealand individuals in the present study
might have changed their photoprotective strategy to
higher physiological plasticity during colonization, sim-
ilarly as described for an invasive species by Fenollosa
et al. (2017).
However, the relative importance of phenotypic plas-
ticity to local adaptation is often assumed to decrease in
the course of the colonization process (Dietz and
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FIG. 4. (a–d) Effects of origin across ultraviolet (UV) treatments. Reaction norms (predicted means  SE) of German (gray,
dashed line) and New Zealand (black, solid line) populations across the UV treatments (+UV-A|+UV-B, +UV-A|UV-B, UV-A|
UV-B) for (a) total biomass (n = 287), (b) maximum plant expansion (n = 286), (c) maximum leaf length (n = 287) and (d) specific
leaf area (n = 264). The number of species included was 8 if not stated differently. Significance levels (†P < 0.1, *P < 0.05,
***P < 0.001) are given for effects of UV treatments (UV), origin (O) and their interaction (UV 9 O).
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Edwards 2006, Si et al. 2014, Zenni et al. 2014, Lamar-
que et al. 2015), and may largely depend also on the cost
of plasticity, the mean variance and predictability of the
new environment and on whether the novel range actu-
ally requires a new optimal phenotype (Lande 2015).
Evolution of greater phenotypic plasticity during plant
invasions is generally assumed to be costly for species
and even more likely constrained in stressful environ-
ments, whereas any relief from stressful factors (e.g.,
enemy release) in the exotic range may facilitate evolu-
tion of phenotypic plasticity (Huang et al. 2015).
Regarding UV-B, Suchar and Robberecht (2014, 2016)
did not find an indication for a direct link between cost
for epidermal UV-B absorbing compounds and inhibi-
tion of growth. Accordingly, investment in photoprotec-
tion by secondary metabolites can be considered a very
efficient plant response in high-UV-B environments and
might enable evolution of phenotypic plasticity.
CONCLUSIONS
In the present multispecies study, we found evidence
for population differentiation of German and New
Zealand individuals that allows for some generaliza-
tion: recent adaptations consequently contributed to
better performance of local individuals compared to
foreign individuals in both common garden experi-
ments in the native and exotic range, respectively. The
observed local adaptation during colonization of high-
UV-B environments did not reveal to be directly attri-
butable to selection by UV-B radiation, but might
rather be the consequence of selection for genotypes
with high phenotypic plasticity. In the present study,
the resulting origin differentiation became even evi-
dent in response to different UV-B regimes. The
importance of well-adapted photoprotection abilities
in high-UV-B environments should be more explicitly
investigated in future studies, particularly, including
long-term approaches to assess plant fitness across
generations. In general, the observed combined mech-
anisms of local adaptation and phenotypic plasticity
might enable exotic species to spread farther than it
would be expected by their native distribution even
into high-UV-B environments.
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Abstract: During plant invasions, exotic species have to face new environmental challenges and are
affected by interacting components of global change, which may include more stressful environmental
conditions. We investigated an invasive species of New Zealand grasslands, commonly exposed
to two concomitant and limiting abiotic factors—high levels of ultraviolet-B radiation and drought.
The extent to which Verbascum thapsus may respond to these interacting stress factors via adaptive
responses was assessed in a greenhouse experiment comprising native German plants and plants of
exotic New Zealand origins. Plants from both origins were grown within four treatments resulting
from the crossed combinations of two levels of UV-B and drought. Over twelve weeks, we recorded
growth, morphological characteristics, physiological responses and productivity. The results showed
that drought stress had the strongest effect on biomass, morphology and physiology. Significant effects
of UV-B radiation were restricted to variables of leaf morphology and physiology. We found neither
evidence for additive effects of UV-B and drought nor origin-dependent stress responses that would
indicate local adaptation of native or exotic populations. We conclude that drought-resistant plant
species might be predisposed to handle high UV-B levels, but emphasize the importance of setting
comparable magnitudes in stress levels when testing experimentally for antagonistic interaction
effects between two manipulated factors.
Keywords: additive effect; common mullein; cross-resistance; environmental filter; greenhouse experiment;
local adaptation; plant invasions; native vs. non-native populations; New Zealand; synergistic effect
1. Introduction
Biological plant invasions are a key aspect of global change [1] and their mechanisms and
preconditions have been frequently investigated to date [2–4]. A species has to overcome a number of
barriers before it can be considered invasive elsewhere [5], among them biotic and abiotic conditions in the
invaded range (see also [6]). Several mechanisms, including plastic and adaptive responses, which enable
plant species to handle novel environmental conditions, have been repeatedly addressed. High phenotypic
plasticity allows a genotype to develop different phenotypes in response to heterogeneous environments
and is an often-observed advantageous property of invasive species, e.g., [7,8]. By contrast, pre-adaptation
to particular environmental factors represented in single populations in the native range [9], as well as
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more recent adaptive evolution to novel environments following natural selection in the invaded range,
can strongly contribute to a species’ invasive potential [10,11].
Addressing the role of large-scale abiotic factors as environmental barriers during plant invasions
has so far mostly dealt with climatic conditions in native and invaded ranges and associated climatic
niches of invasive species based on temperature and humidity tolerance [12,13]. Overall irradiation
and biologically active UV-B radiation levels are equally subjected to climate change and are becoming
more important for both resident plant communities and plant invasions [14]. However, these factors
have been largely neglected in plant invasion research (see however: [15–17]). The effects of global
change have largely been under consideration to date as ‘one-factor-only’ approaches. However,
more recent research ambitions have identified the importance of testing for the role of interacting
environmental factors [18–21].
The single effects of two environmental factors might be more or less linked so that their
combined effect on plants cannot be directly extrapolated from plant response to each stress applied
individually [22]. Two abiotic factors generally interact either in an additive, synergistic or antagonistic
way [21,23]. A detrimental synergy of two limiting factors occurs, for instance, if the magnitude of
the combined effect of both stressors exceeds the sum of the single stressor effects, as it has been
observed, e.g., for jointly applied drought and heat stress on plants (see [22]). Another presumable
scenario is an antagonistic interaction of stressors—a so-called cross-resistance—to both stresses by a
decrease of sensitivity to one environmental factor during exposure to the other as it was previously
described, e.g., in the field of biotic interactions of plants with herbivores and pathogens [24]. In natural
habitats, some climatic factors are typically coupled, e.g., high solar radiation and high temperature [25].
The individual and combined contributions of these factors to plant responses can only be quantified
experimentally in controlled environments.
High radiation levels and high growing season temperatures are characteristic for temperate
grasslands at the global scale and they often occur in combination with low water availability.
Distinctively higher levels of UV-B radiation additionally apply to the Southern hemisphere when
compared to comparable sites in the Northern hemisphere where many invasive plants originate [26].
High levels of UV-B affect several plant responses more rapidly and with stronger effects in herbaceous
plant species than in woody species [27]. Therefore, in particular, grassland ecosystems can be supposed
to show strong responses to UV-B and should receive more attention as UV-B radiation levels continue
to vary and thus to be a component of global change [28].
UV-B radiation causes interferences at different organizational levels of plants, including DNA
damage, limitation of photosynthesis and morphological changes due to decreasing phytohormone
concentrations (e.g., IAA [29]). Consequently, UV-B-exposed plants suffer from reductions in biomass,
height and leaf area [29–31] and experience changes in functional leaf traits, e.g., an increasing leaf dry
matter content [16]. Effective UV-B protection can be provided by strengthening epidermal or cuticular
structures and trichomes on the upper leaf surface [32,33], as well as by the incorporation of UV-B
absorbing flavonoids and anthocyanins [29]. These protection measures can also be advantageous in
regulating plants’ water balance [34]. In their review of effects of drought stress in plants, Jaleel et al. [35]
identified drought as one of the most important abiotic environmental stress factors and described
several effects on plants that are similar to consequences of UV-B, including biomass reduction,
decreases in plant height and leaf area and changes in dry matter content and photosynthetic pigments.
The effects of drought and high UV-B intensities on plants have been frequently investigated
individually, but have been addressed in combination less often. Additive detrimental effects of UV-B
radiation and drought were shown, for example, for Populus cathayana [36] in terms of plant height
and leaf area reduction, such as for total biomass decrease of the shrub Hippophae rhamnoides [37]. In a
soybean (Glycine max) study, there was no evidence for additive effects of both abiotic factors in growth
response and seed yield [38]. However, results of other studies indicated antagonistic effects of UV-B
and drought in crops [39], in European heathland species [40] and even in conifer species [41,42]. Both
environmental factors provoke an oxidative burst and, thus, can jointly induce protective measures.
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Moreover, several studies even revealed different adaptive responses of congeneric species or distinct
populations within species dependent on local conditions of their origin. Comparing high altitude
and low altitude Populus species (P. kangdingensis, P. cathayana) or Hippophae rhamnoides populations,
respectively, high altitude individuals exhibited higher tolerance to drought in the presence of UV-B,
whereas low altitude individuals showed additive damaging effects [36,37]. Consistent with these
results, Hofmann et al. [43] found higher physiological acclimation capacity of stress-adapted slow
growing Trifolium repens ecotypes under high UV-B radiation compared to other populations. UV-B ×
drought interactions have been predominantly examined for crops and woody species, but not yet
considered with regard to plant invasions into grasslands.
In the present study, we compared native (German) and invasive (New Zealand) populations of
the grassland species Verbascum thapsus L. in response to combined drought stress and UV-B radiation
in a greenhouse experiment (Figure 1). We tested for pre-adaptation to UV-B radiation in native
populations from Germany as being induced by high drought tolerance, and for recent local adaptation
of exotic populations from New Zealand in growth and physiological responses. We addressed the
hypotheses that i) the combined stress of UV-B and drought has an antagonistic effect on plants and
ii) New Zealand populations are better adapted to high UV-B levels providing evidence of recent
adaptation. To the best of our knowledge, this is the first study addressing the role of combined
environmental stress of UV-B and drought for native and exotic origins in the context of plant invasion
processes in the southern hemisphere.
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2. Results
2.1. Biomass Data (Harvest Data Hx)
At the first harvest, aboveground, belowground and total biomasses of German individuals were
significantly higher (+26% on average), than biomass of exotic individuals (p < 0.05, Table 1 and
Table S1). Overall, productivity was not significantly affected by UV-B radiation at any time point.
Aboveground, belowground and total biomass were significantly reduced by about 40%–50% due to
limited water availability at all four harvest dates (p < 0.001, Table 1 and Table S1). By contrast, water
limitation significantly increased the shoot:mass ratio among all harvest dates, as well as root dry
matter content at the first and the third harvest (Table 1). At the fourth harvest, German individuals
showed a more pronounced decrease in belowground and total biomass, and a consequently stronger
increase in the shoot:mass ratio under limited water availability conditions compared with New
Zealand individuals, as evidenced by a significant origin ×water treatment interaction (p < 0.05, Table 1
and Table S1). Significant interaction effects of UV-B treatment and water treatment occurred only at
the second harvest date (Table 1): when averaging over native and exotic origin, an UV-B-induced
reduction of belowground biomass was less apparent under additional water limitation (p = 0.012,
Figure 2a, Table S1). In well-watered conditions, a decrease of root dry matter content (−9% on average)
was observed under UV-B exposure, whereas an increase of root dry matter content (+6% on average)
was caused by the combined application of UV-B and limited water availability (p = 0.032, Figure 2b,
Table S1).
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Figure 2. Interaction effects of UV-B and water treatment when averaging over origin. Predicted 
values ± SE of (a) belowground biomass, (b) root dry matter content, (c) PSII efficiency (Y) and (d) 
minimum chlorophyll fluorescence (F0) are shown across all treatment combinations (+H2O|-UV-B, 
+H2O|+UV-B, -H2O|-UV-B, -H2O|+UV-B). 
2.2. Growth Data (Monitoring Data) 
The repeated measures analysis across all monitoring dates during the experiment revealed an 
overall significantly higher leaf number, longer and wider leaves and bigger rosettes in German 
individuals compared to New Zealand plants (Tables 2 and S2). Significant origin × time interactions 
revealed relatively faster leaf growth and rosette expansion of New Zealand individuals during the 
course of the experiment, whereas German plants were bigger in the beginning of the experiment 
(Tables 2 and S2). The repeated measures analysis did not reveal significant main effects of “UV-B 
treatment” on any of the tested variables, but did reveal significant interaction effects with “time” for 
leaf number and leaf width. Leaf number and leaf width showed a stronger increase in the presence 
of UV-B radiation during the experiment (Tables 2 and S2, Figure 3a,b). Single UV-B effects (e.g., 
reduced maximum leaf length (H1), rosette area (H1) and leaf number (H2)) or interaction effects with 
the origin (percentage of dead leaves (H1) and leaf number (H3)) were not consistent over time (see 
Tables S1 and S3). 
  
Figure 2. Interaction effects of UV-B and water treatment when averaging over origin. Predicted values
± SE of (a) belowground biomass, (b) root dry matter content, (c) PSII efficiency (Y) and (d) minimum
chlorophyll fluorescence (F0) are shown across all treatment combinations (+H2O|-UV-B, +H2O|+UV-B,
-H2O|-UV-B, -H2O|+UV-B).
2.2. Growth Data (Monitoring Data)
The repeated measures analysis across all monitoring dates during the experiment revealed an overall
significantly higher l f number, longer and wider leaves and bigge rosett s in German individuals
compared to New Zealand plants (Table 2 and Table S2). Signific nt origin × time interactions revealed
relatively faster le f growth and rosette expansion of New Zealand individuals during the course of
the xperiment, whereas German plants were bigger in the beginning of the experiment (Table 2 and
Table S2). T repeated measur s analysis did not reveal sign ficant main effects of “UV-B treatment” on
any of the tested variables, bu did r veal significant interaction effects with “time” for leaf number and
leaf width. Leaf number and leaf width howed a stronger incre se i the presenc of UV-B radiation
duri g the experiment (Table 2 nd Tabl S2, Figure 3a,b). Single UV-B effects (e.g., reduced maximum
leaf length (H1), rosette area (H1) and leaf umber (H2)) or interaction effects w th the origin (p rcenta e
of ead leaves (H1) and af number (H3)) we not consist nt over time (see Tables S1 and S3).
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Figure 3. Effects of UV-B (a–d) and water treatment (e–h) over time. Predicted values ± SE of (a,e) leaf 
number, (b,f) leaf width, (c,g) PSII efficiency (Y) and (d,h) maximum chlorophyll fluorescence (Fm) 
are shown in (a–d) absence of UV-B (solid line) and in presence of UV-B (dashed line), as well as 
under (e–h) well-watered conditions (solid line) and under drought (dashed line). 
Figure 3. Effects of UV-B (a–d) and water treatment (e–h) over time. Predicted values ± SE of (a,e) leaf
number, (b,f) leaf width, (c,g) PSII efficiency (Y) and (d,h) maximum chlorophyll fluorescence (Fm) are
shown in (a–d) absence of UV-B (solid line) and in presence of UV-B (dashed line), as well as under
(e–h) well-watered conditions (solid line) and under drought (dashed line).
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Overall, leaf number and the proportions of dead leaves, leaf length and leaf width, as well as
rosette size, were significantly decreased by the water limitation treatment (p < 0.001, Table 2 and Table
S2, Figure 3e,f). Water level × origin interaction effects were only found at separate monitoring dates
for various variables (e.g., leaf length (H2, H4), leaf width (H3) and leaf number (H4), see Table S3).
The repeated measures analysis did not reveal significant interaction effects of “UV-B treatment” and
“water treatment”, nor was there a three-way interaction with “origin” or “time” (Table 2).
2.3. Functional Leaf Traits and Physiology
Significant origin effects were found at separate harvest dates and as consistent effects evidenced
over time: leaves of German individuals showed an about 10% higher leaf dry matter content (LDMC)
than leaves of New Zealand individuals at the first two harvests (Table 1 and Table S1). Overall,
PSII efficiency (Y) was significantly higher in German individuals (p = 0.004, Table 2 and Table S2),
while minimum chlorophyll fluorescence (F0) was higher in New Zealand individuals (p = 0.005,
Table 2 and Table S2). Maximum chlorophyll fluorescence (Fm) decreased during the experiment with
a stronger decline in German plants (p = 0.004, Table 2 and Table S2).
UV-B effects were found in PSII efficiency (Y) that decreased in the absence of UV-B but increased
for plants under UV-B exposure (p = 0.018, Table 2 and Table S2, Figure 3c). The decrease of minimum
and maximum chlorophyll fluorescence over time was more pronounced in presence of UV-B radiation
(Table 2 and Table S2, Figure 3d). In presence of UV-B, overall higher maximum chlorophyll fluorescence
(Fm) of New Zealand individuals (slightly) decreased, whereas an increase was found for German
plants (p = 0.011, Table 2 and Table S2, Figure 4). Further UV-B × origin interaction effects were found
for single harvest dates (see Tables S1 and S3).
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Figure 4. Interaction effects of UV-B and origin. Predicted values ± SE of maximum chlorophyll
fluorescence (Fm) are shown in the absence of UV-B (pale violet) and in the presence of UV-B (dark
violet) for native German (DE) and exotic New Zealand individuals.
Water limitation significantly increased leaf dry matter content and PSII efficiency among all
harvests. Overall, maximum chlorophyll fluorescence (Fm) was increased under dry conditions, whereas
higher values of minimum chlorophyll fluorescence (F0) were found for well-watered plants (p < 0.05,
Table 2 and Table S2). PSII efficiency (Y) decreased with sufficient water availability but increased for
plants under water limitation (p < 0.001, Table 2 and Table S2, Figure 3g). The decrease of maximum
chlorophyll fluorescence (Fm) over time was more pronounced in well-watered individuals (p < 0.001,
Table 2 and Table S2, Figure 3h). For most of the variables, there was no significant interaction effect of
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origin and water, while insufficient water supply induced an increase of specific leaf area (H4) in New
Zealand individuals only (see Table S3).
The threefold interaction effect of “UV-B treatment”, “water treatment” and “time” revealed a
significant difference in minimum chlorophyll fluorescence (F0): the strongest decrease of F0 was
found in the presence of UV-B radiation and the decrease was lessened by limited water availability,
applied separately or in combination with UV-B radiation (p = 0.011, Table 2, Figure 5). At the second
harvest, PSII efficiency (Y) was significantly increased and minimum chlorophyll fluorescence (F0)
significantly decreased by UV-B radiation and low water availability individually, but this effect was
not additionally enhanced by the joint presence of both factors (p < 0.01, Figure 2c,d).
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3. Discussion
3.1. Single and Combined Effects of UV-B and Drought
The applied UV-B radiation treatment to both origins of V. thapsus aimed at simulating midsummer
UV-B levels of the invaded range in New Zealand. In c nsequence, the plied UV-B intensity was
familiar to the level xotic populations experience but nov l to native individuals only. The observed
limiting effects of UV-B radiation on leaf number, leaf length and rosette area confirm pre io s studies,
w ich also reported UV-B-induced growth a d biomass reduction [17,19,29,44]. A UV-B-induced
increase in PSII efficiency was determined in the pr sent study and caused by a decrease of minimum
and maximum chlorophyll fluorescence (see also [45]). PSII efficiency response to UV-B has een
previously ide tified for several species and was m stly found to decrease as a result of increasing
minimum nd maximum ch orophyll fluoresc nce [30,33,46] (but see also [47]). Especially an increase
of minimum chlorophyll indicates photoinhibition and direct damag or an inactivation of PSII reaction
centers as a result of a disconnection of light-harvest ng antennae from their reaction centers [48–50].
A concomitant decrease f maximum nd minimum hlorophyll fluorescenc , as observed in the
pr sent study, was previously linked to thermal issipation in PSII reaction centers, whi dis la s
a key photoprotective process [48]. I consequence, reactive oxygen species (ROS) roduction in
sponse to a moderate ose of UV-B radiation in our experiment might be avoided and might ev
explain a temporary increase of PSII fficiency in the c ntext of efficient repair mechanisms.
The applied water tr atment presu ably indu ed drought stress in the individuals of the “low”
water treatment level, as those regularly responded with wilting of leaves at the latest on the day
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of watering. We therefore assume that a physiological stress response was provoked in the plants
by water limitation. An overall reduced biomass, leaf number, leaf area and higher leaf dry matter
content confirm this assumption and have been previously observed in response to water limitation
(e.g., [35,44,51]). In line with the effects of UV-B, the maximum photosynthetic quantum yield of
all plants was higher under drought conditions. This effect was initially caused by a decrease of
minimum chlorophyll fluorescence, and in the later experimental phase due to an increase of maximum
chlorophyll fluorescence. Previous studies on drought effects predominantly revealed decreasing
PSII efficiency due to water limitation [52,53]. The opposite effect in the present study might be the
consequence of the existing drought tolerance and resulting protection measures of Verbascum thapsus,
that are known to naturally occur on very dry and disturbed sites [54].
We found no evidence for detrimental synergy effects or generally additive effects of drought
and UV-B radiation as they had been reported before [36,37]. Other studies found enhanced drought
tolerance in the presence of UV-B radiation, since certain stress avoidance mechanisms turned out to be
of advantage under both abiotic stresses, e.g., leaf area reduction, increase of leaf cuticle thickness or
stomatal closure [38,40,55]. Relevant antagonistic effects can be also provoked at the physiological level
by common metabolic responses to drought and UV-B, e.g., an increase of anthocyanins, phenolics,
prolin and other antioxidants to decrease ROS production and consequently maintain photosynthetic
capacity and carbon assimilation rate [39,41–43].
In the present study, the only significant interaction effects of UV-B and drought were found
after six weeks of the experiment (H2) and might have been the temporary consequence of the UV-B
radiation dose increase after the initial two-week UV-B acclimation phase. Belowground biomass
moderately decreased in response to UV-B radiation [16,56] but was highly sensitive to drought with a
strong overall decrease [44] that was not additionally aggravated by supplementary UV-B exposure.
By contrast, root dry matter content did not change significantly with drought in the absence of UV-B,
but increased under combined stress application and decreased under UV-B exposure in well-watered
conditions, thus displaying strong interaction effects. Dry matter distribution towards the roots has
been previously shown for plant species under abiotic stress conditions [57,58], and might be only
induced in response to the combined application of drought and UV-B in our study. Furthermore, the
PSII efficiency was increased by UV-B and drought to a similar extent, whether applied separately or
jointly. This points to a similar and non-additive effect size of both abiotic stresses at the physiological
level. Interestingly, the minimum chlorophyll fluorescence (F0) appeared to be more sensitive in
response to UV-B radiation at the second harvest (H2) and in the repeated measures analysis. The only
explanation for a decrease of F0 might be a higher number of unimpaired PSII reaction centers that
could be provided by activation of efficient photoprotection and repair mechanisms. Those might be
induced to a higher level by UV-B compared to drought, as radiation displays the more immediate
trigger for PSII damage. Therefore, we could conclude that the plant physiology of V. thapsus is
affected by both UV-B and drought to a similar extent, but the respective effect is induced by different
underlying mechanisms.
3.2. Origin Differentiation and Origin-Specific Response to UV-B and Drought
Differences in plant performance or functional plant traits between native and exotic origins might
hint at genetic differentiation as a result of founder effects or evolutionary processes during the invasion
of novel habitats in New Zealand [59]. As the set of investigated German and New Zealand populations
does not represent the entire native and invaded range, respectively, other sources of variation among
populations may have also contributed to significant differences between origins: among them are
population-specific differences in elevation, microclimate or other environmental factors that are able
to induce geographical clines within ranges [54,60]. Thus, complementary experiments with further
seed material from other parts of the native and invaded range along larger latitudinal gradients would
be necessary to draw more general conclusions.
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In the present study, native individuals from Germany started with higher biomass and larger
leaves, but exotic individuals showed stronger increase in time regarding leaf area and respective size
of rosettes. Therefore, the initial advantage of native plants disappeared during the experimental
runtime. Higher productivity/relative growth rates of exotic populations in comparison to native
origins has been repeatedly reported in the past, especially in the context of altered resource allocation
as a result of the release from native biotic and abiotic stresses [2,54,61]. Nevertheless, in our study,
the New Zealand populations of V. thapsus appeared to be less successful in the early establishment
(personal observation). The difference in seed age of the German and New Zealand populations and
the conditions during seed transfer from New Zealand to Germany might be a reason for differences in
germination and establishment success. Further explanations for the initial disadvantage of exotic
populations may comprise a potentially reduced genetic diversity of exotic populations due to founder
effects or the importance of range identity with regard to covarying effects of different biotic and
abiotic conditions, as discussed by Dieskau et al. [62]. This might be particularly important, since other
native–invasive comparisons revealed early invasive superiority when testing V. thapsus performance
in other parts of the species’ exotic range [54,63,64]. PSII efficiency was found to be generally higher
in native plants with a stronger decrease of maximum chlorophyll fluorescence (Fm) in German
individuals during the experiment and higher values of minimum chlorophyll fluorescence (F0) in New
Zealand plants since the second harvest (H2) independent of water availability and UV-B treatment.
Higher physiological performance of native individuals could also be a consequence of their early
establishment success prior to the application of environmental stress by drought and UV-B radiation,
which might have led to stronger and more resilient plants.
In the presence of UV-B, New Zealand plants showed the described reduction of maximum
chlorophyll fluorescence, whereas an observed increase of maximum chlorophyll fluorescence in
German individuals might be linked to an impaired electron transfer or secondary electron acceptor
of PSII [49]. In contrast to German plants, New Zealand individuals also showed a pronounced
decrease of minimum chlorophyll fluorescence and an increase of leaf number and dead leaf proportion
in the early stage of the experiment. Therefore, the higher photoprotection abilities and growth of
exotic individuals under UV-B radiation might indicate an evolved reduced sensitivity to UV-B in
consequence to the experienced higher radiation levels in New Zealand.
Drought stress is known to limit invasibility of habitats, as drier sites appear to be less invaded
and non-natives turned out to be more abundant in wetter years [65]. Nevertheless, previous studies
did not agree on the question if drought tolerance of native and non-native species differs and
thus is subject to evolutionary changes in plant invasions [66–68]. In the present study, non-native
plants from New Zealand responded with measurable changes in leaf morphology to low water
availability, whereas native German plants experienced a stronger decrease in growth estimates in the
late experimental phase. We could therefore assume that non-native genotypes are able to respond
with functional changes at the leaf level in order to sustain overall growth under drought conditions.
This ability might be the result of evolutionary processes in response to environmental conditions in the
invaded range or overall higher phenotypic plasticity [69]. Interestingly, previous studies on drought
tolerance of native and non-native populations of grassland species assumed a trade-off between rapid
growth and drought tolerance, since they revealed more resilient native populations under drought
conditions, although non-native populations appeared to be more vigorous and fast-growing in other
environments [61,70].
Furthermore, we found no evidence for the importance of population origin to the combined
stress effects on plants. Previous studies on different woody plant species revealed different resistance
of low and high altitude populations to a treatment combining UV-B radiation and drought [36,37]:
whereas low altitude populations experienced additive detrimental effects of both abiotic stressors
on productivity and growth traits, high altitude populations responded with higher tolerance to the
combined application of drought and UV-B, and thus appeared to be better adapted. By contrast,
testing for adaptation to elevational constraints in multiple exotic plant species gradient, Watermann
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et al. [31] did not find any evidence for combined UV-B × drought interactions with low and high
altitude populations. However, neither native nor non-native populations of Verbascum thapsus had an
advantage in the presence of combined abiotic stress by drought and UV-B radiation in the present
experiment. As both origins are expected to be similarly adapted to drought but experience different
levels of UV-B in their home ranges, we assume that origin differences in stress response may be more
precisely carved out by moderate water limitation and moderate or elevated UV-B intensity. While
severe levels of stress usually lead to direct negative effects on plant metabolism and growth, moderate
abiotic stress triggers physiological and biochemical defense mechanisms, which are of advantage
under harmful conditions [44].
4. Materials and Methods
4.1. Study Species
Verbascum thapsus L. (Scrophulariaceae) is a typical component of temperate dry grasslands and
ruderal habitats in the investigated ranges in Germany and New Zealand, and is characterized by high
drought tolerance and a strong prevalence in open, unshaded habitats [71]. The species is monocarpic,
generally biennial and develops a long tap root to access remote nutrient and water resources in deeper
soil layers [72]. The plant’s surface is typically piliferous, i.e., leafs and stems are densely covered with
woolly, branched stellate trichomes, which provide a reliable protection against herbivory, frost and
drought [73] and may be also advantageous under high radiation levels. The native distribution of
V. thapsus ranges from Europe to Central Asia. To date, it is furthermore naturalized in North America,
Hawaii, Australia and New Zealand. In the present study, we used ten native and eight invasive
populations of V. thapsus from Germany and New Zealand, respectively (for population details see
Table S4).
4.2. Experimental Design
The experiment was conducted in the summer of 2013 in the greenhouse cabinets of the Martin
Luther University Halle–Wittenberg. Seeds were germinated in the greenhouse under standard
conditions within seedling trays on a soil-sand mixture (2:1) and transferred into pots (9 × 9 × 10 cm)
with the same substrate about six weeks later. At the age of ten weeks, plants were assigned to
the experimental setting: four treatments resulting from fully crossed combinations of two water
levels (“low” vs. “well-watered”) and two UV-B levels (“−UV-B” vs. “+UV-B”) were applied to four
individuals of all 18 populations (totaling 288 individuals). Therefore, plants were arranged within
four identical boxes (120 × 120 × 70 cm), which served as self-contained UV-B environments (Figure 1).
All boxes were equipped with white chipboard to the left and the right side and with white fleece at the
front and the back, allowing the implementation of a UV-B radiation source from the top to the plants
and to ensure ventilation within the boxes to minimize uncontrolled microclimatic effects. Each of the
four boxes was equipped with a greenhouse PAR lamp (HQI 400 W, Philips) on the top. Additionally,
in two boxes, three UV-B tubes (TL 20W/12 RS SLV, Philips) were implemented. The two boxes without
UV-B tubes served as a “no UV-B” control. Photosynthetically active radiation (PAR) was applied 16
h a day, whereas UV-B lamps were switched on for eight hours within this period. Initially, UV-B
lamps had a distance of 80 cm to the plant individuals, resulting in a UV-B intensity of 0.014-0.052
mW cm−2 dependent on pot position. After two weeks we reduced the distance between the lamps
and the plants in order to increase UV-B radiation to 0.096–0.159 mW cm−2, thereby approaching the
midsummer UV-B level on the South Island, New Zealand [17].
Half of the plants in each box received sufficient water supply, whereas the other half was exposed
to drought (Figure 1). Both treatment groups were watered every second day with water amounts
in a ratio of 3:1 (week 1–4: 60 mL/20 mL, week 5–12: 90 mL/30 mL, for well-watered and drought
treatments, respectively). Measurements of soil moisture using a time-domain reflectometer (TDR)
revealed water contents of 15%–20% in well-watered pots and 3%–8% in pots mimicking situations of
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drought. Based on a visual assessment, the latter group generally reached the wilting point within 48 h
but was kept from being permanently damaged.
Individuals of each population were equally represented at each UV-B level and water level.
Initially, all individuals were randomly assigned to and positioned within the boxes, but within-box
randomization was subsequently repeated every 7–10 days during the experiment. Due to the
occurrence of some mortality in the early phase of the study, we received data of 276 individuals of 18
populations (10 DE, 8 NZ) within an experimental period of 12 weeks.
4.3. Data Collection
Biometrical variables were determined for each individual on a weekly basis in the beginning,
and later every ten days (Figure 1): rosette diameter, length and width of the longest leaf and the
number of intact and dead leaves were recorded ten times during the experiment. Rosette area (A) was
calculated for each individual as an ellipse using measured rosette diameters (d1, d2):
A = π × (d1/2) × (d2/2), (1)
In order to assess repeated productivity data and growth rates, one individual per population
and treatment was harvested every three weeks, resulting in four harvests during the experimental
period (n = 68–71, Figure 1). We determined aboveground, belowground and dead biomass, leaf dry
matter content (LDMC), root dry matter content (RDMC), specific leaf area (SLA) and the shoot:root
ratio for each individual harvested in the different subsets. The selective sampling for harvest reduced
the total amount of individuals available for monitoring of biometrical variables over time.
At the physiological level, we recorded maximum quantum yield of photochemical energy
conversion (Y) as a measure of photosystem II efficiency, such as minimum and maximum fluorescence
yield (F0, Fm) in response to the initial UV-B application and the enhancement of UV-B intensity after a
two-week acclimatization, totaling eight times during the experiment (Figure 1). Therefore, one fully
developed and healthy leaf per individual was dark-adapted for about ten minutes and subsequently
measured once with a hand-held fluorometer (Mini-PAM, Heinz Walz GmbH) without removal from
the experimental boxes or interruption of the UV-B treatment.
4.4. Statistical Analysis
A repeated measures analysis of the monitoring data was done to test for the effects of origin, UV-B
treatment and water treatment on plant performance over time in R (Version 3.5.3, R CORE TEAM
2019). We therefore applied a linear mixed effect model (function “lmer”, package “lmerTest”, [74])
containing “origin” (DE vs. NZ), “UV-B” (-UV-B vs. +UV-B) and “water” (low vs. well-watered)
as fixed factors and “time” (eight dates of monitoring and physiological measurements), as well as
all of their interactions. The following nested random effect terms were additionally included in
the repeated measures analysis: “box:UV-B” and “population:origin”, while fitting a random slope
model with “time|plant ID:UV-B:water:origin”. Due to the partial harvests during the experiment,
the repeated measures analysis of the monitoring data naturally experienced a decrease in sample size
over time. Thereby, the number of replicates within populations was reduced from four to one during
the experimental duration. As the statistical analyses aim to test for differences between origins (DE vs.
NZ), all remaining individuals of the ten German populations served as replicates for the origin level
“DE” and all remaining individuals of the eight New Zealand populations were considered replicates
for the origin level “NZ”.
Furthermore, data of the four partial biomass harvests was separately analyzed per date by linear
mixed effect models containing “origin” (DE vs. NZ), “UV-B” (-UV-B vs. +UV-B) and “water” (low vs.
well-watered), as well as their interactions as fixed factors. We additionally included the individual
leaf number at the time of the experimental start as a covariate and again determined “box:UV-B” and
“population:origin” as nested random effect terms in the separate mixed effects models.
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5. Conclusions
Generally, interaction effects of UV-B and drought depend on species-specific sensitivity, stress
factor intensity, exposure duration and operation mode [44]. In our study, the strong effect of
water treatment might potentially mask UV-B effects on plants, as the induced water limitation
level is likely to display a more restrictive condition for plant metabolism than the applied UV-B
radiation level. This observation points at the importance of setting comparable stress levels in abiotic
interaction experiments, as otherwise one of the abiotic environmental factors dominates the results
and potential antagonistic effects are difficult to detect. Moreover, application of artificial UV-B under
greenhouse conditions partly excludes photosynthetically active radiation (PAR) that is known to have
a mitigating effect on plants under UV-B and might have additionally induced mechanisms of drought
resistance [44,75]. Nevertheless, our results point at similar physiological responses to drought and
UV-B radiation and an absence of detrimental synergy effects of both environmental factors. Therefore,
we assume that drought-tolerant plant species might also be more resilient to higher levels of UV-B
radiation. To adequately test and identify cross-resistance mechanisms in plant invasions and the
potential impact of local adaptation on this characteristic, we recommend attaching great importance
to the application of suitable and relevant environmental stress gradients derived from respective
native and/or invaded ranges in future experimental studies.
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Table S1: Effect directions of harvest data analysis; Table S2: Effect directions of repeated measures analysis;
Table S3: Fixed-effect results of the harvest data analysis; Table S4: Location and sampling information of native
(German) and exotic (New Zealand) populations included in the experiment.
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Chapter V: Synthesis 
1. Main results
This thesis combines single-species and multi-species experimental approaches in greenhouse 
and outdoor common gardens with macroecological analyses based on global UV-B and climate 
data, as well as species distribution data to gain some knowledge about mechanisms of plant 
invasions in high-UV-B environments. The conducted studies as evidenced in Chapters II to IV 
revealed the following main results: 
Chapter II 
The multi-species comparison revealed high importance of biogeographic characteristics of 
the native range for plant responses to UV-B. Thus, we recommend to consider the native 
UV-B niche in future species distribution predictions. However, a functional UV-B 
preadaptation due to different plant traits appeared to play a subordinate role in this 
study, whereas our results support the importance of high phenotypic plasticity during 
colonization of high-UV-B environments. 
Chapter III 
The comparison of native and exotic origins of eight species in two reciprocal common 
gardens in Germany and New Zealand revealed clear evidence for origin differentiation due 
to divergent natural selection. This local adaptation resulted in a higher performance of 
local individuals compared to foreign individuals in both common garden experiments, 
respectively, when tested on a multi-species basis. Although origin differentiation became 
evident in response to the applied UV-B regimes, is was not found to be directly attributable 
to selection by elevated UV-B radiation in New Zealand, but might rather be the result of 
selection for genotypes with high phenotypic plasticity during the invasion.  




Chapter IV  
Investigation of combined drought and UV-B effects on native and exotic Verbascum thapsus 
populations pointed at similar physiological plant responses to both abiotic factors and, 
therefore, support the idea of UV-B pre-adaptation as being induced by high drought 
tolerance. Additionally, we found no evidence for a detrimental synergy of drought and 
UV-B radiation, but rather antagonistic effects of the two environmental factors. Against 
our expectations we did not find evidence for local adaptation of exotic populations from 







2. Overall discussion 
Each chapter of this thesis is dedicated to one particular aspect of plant invasions in high-UV-B 
environments, but together they offer the opportunity to derive more comprehensive insights 
in existing mechanisms and coherences. In the following, all results are jointly discussed 
according to the conceptual framework of factors affecting invasion success (Fig. 3) and thereby 
highlighting the different impacts of (1) genotype, (2) phenotype, (3) environment and (4) global 
change on plant invasions in high-UV-B environments. 
 
2.1. Genetic predisposition and adaptation to UV-B 
The effect of genotype on plant invasions in high-UV-B environments was addressed in all 
publications of this thesis from a variety of perspectives. An exotic genotype might be either 
predisposed to colonize habitats with higher UV-B intensities (see Chapter II) or might adapt to 
UV-B conditions in the invaded range as consequence of local selection by UV-B (see Chapters 
III and IV). 
Regarding potential predisposition of native genotypes to high-UV-B environments our 
findings support the idea of the ‘environmental matching hypothesis’ (Ricciardi et al. 2013) due 
to pre-experienced higher UV-B intensities as native range (UV-B niche) characteristics were 
linked to exotic species’ UV-B response (see Fig. 5). Environmental matching provides the basis 
for ‘climate envelope modelling’ that is an accepted and often-used method to predict patterns 
of species distribution also in the context of plant invasions (Hijmans & Graham 2006). The 
underlying mechanism might be a previous adaptation to higher UV-B radiation levels in the 
native range prior to invasion that provide benefits during colonization of the invaded range. 
However, a functional pre-adaptation by leaf or fitness-related traits turned out to only play a 
subordinate role in the investigated pool of herbaceous grassland species. It may still apply that 
species of other habitat types are more responsive towards differentiation in response to UV-B 
due to species’ life span, life form, reproductive mode or phenology (see Suchar & Robberecht 
2018). Nevertheless, identification of single traits or trait syndromes that characterize invasive 
species is likely to be highly context-dependent since invasion success displays a complex 
interaction of species’ physiological capacity and environmental conditions (Higgins & 
Richardson 2014). 




Regardless of a species’ potential predisposition to high-UV-B environments, we 
hypothesized recent evolutionary processes that took place after introduction and 
establishment in the novel habitat. The evolution of geographic clines in response to local 
climatic conditions has been observed in several invasive plant species to date (Moran & 
Alexander 2014, Seipel et al. 2015, Helliwell et al. 2018). For species invading New Zealand we 
did not find any evidence for local adaptation that could be directly attributed to selection by 
high UV-B intensities. One explanation might be that other exotic genotypes than those 
considered may be more suitable to test for local adaptation to UV-B. Multi-species approaches 
are often limited in terms of replication on the population level and therefore might not always 
be representative for the genetic diversity of study species in the native and invaded range. 
However, the several single-species studies conducted did also not reveal evidence for recent 
evolutionary processes explicitly linked to high UV-B levels (see Chapter IV, Beckmann et al. 
2012, Wang et al. 2016, Hock et al. 2020). In contrast, Watermann et al. (2020) found a divergent 
response to artificial UV-B for different elevational origins of invasive alien species in South 
Africa indicating a stronger UV-B selection pressure in this specific scenario compared to plant 
invasions in New Zealand grasslands. 
Moreover, species’ residence time is likely to be related to evolutionary processes, as a 
number of about 50-150 generations is usually required to adapt to local environmental 
conditions appropriately (Moran & Alexander 2014). Since recorded naturalization in New 
Zealand dates back more than 120 years for the majority of study species, evolution is likely to 
have occurred and a general UV-B-independent origin differentiation was found among 
different species (see Tab. 1). However, in this context also the stage of invasion is important to 
detect local adaptation, as especially the need to adapt to the novel environment as well as a 
potential lack of genetic diversity of founder populations might be the reason for longer lag 
phases during the invasion process (Crooks 2005, Schierenbeck & Ellstrand 2009, Oduor et al. 
2016). These constraints might be mitigated by multiple introductions from diverse native 
sources (Colautti & Barrett 2013, Moran & Alexander 2014), but individual circumstances of 
introduction are mostly untraceable for many alien species in New Zealand.  
Furthermore, the choice of response variable might be important to find UV-B-induced local 
adaptation. To test reproductive and fitness-related traits is generally recommended, since they 
are more likely to have direct implications for next generations and to drive long-term effects 




predominantly growth variables and productivity served as response variables reducing the 
chance to detect the selective potential of UV-B radiation. These performance traits might also 
be unsuitable to assess evolutionary processes in response to UV-B radiation as they might be 
under different conflicting selection pressures, e.g. climate, biotic interactions and resource 
availability, or existing correlations between traits could impair single trait selection processes 
(Colautti & Barrett 2013, Felker-Quinn et al. 2013, Moran & Alexander 2014). According to this, 
Wang et al. (2016) found invasive populations of Triadica sebifera to be less resilient in response 
to UV-B radiation than native provenances, probably due to reduced secondary metabolite 
production in consequence of a rapidly evolved trade-off between defense and growth during 
the invasion process. Thus, increased competitive ability by reduced investment in defense 
measures might contradict improvement of photoprotection in response to high UV-B levels. 
Conclusively, despite the various quantifiable limiting effects of UV-B on plant performance and 
physiology, there was no striking evidence for UV-B radiation acting as selective force during 
plant invasions in high-UV-B environments (see Fig. 5).  
 
2.2. Importance of phenotypic plasticity in response to UV-B 
UV-B radiation generally affect phenotypic expressions of leaf traits or plant habit in different 
ways: Some modifications of phenotype indicate plant damage or degradation as consequence 
of stressful conditions induced by high-energy radiation, e.g. reductions in biomass and 
reproductive capacity. Other phenotypic changes, e.g. smaller and thicker leaves, increased 
branching and reduced plant height often result in functional adaptations with the aim to 
partially avoid UV-B exposure or to shield essential structures, such as the photosynthesis 
apparatus (see Suchar & Robberecht 2015, 2016). These phenotypic changes, which modify the 
plant towards the new necessary phenotypic optimum, imply an improvement in high-UV-B 
environments and plasticity in these plant traits in response to UV-B is of high importance 
(Ghalambor et al. 2007).  
Phenotypic plasticity is likely to play an important role for the investigated plant species, not 
least because no evidence was found for recent adaptation to UV-B but quantifiable phenotypic 
effects in response to UV-B radiation have been determined for the majority of study species 
(see Chapters II to IV, see Fig. 5). Early in the history of invasion ecology, a broad native range 
had been associated with the species’ ability to cope with a broad range of climatic conditions 




and consequently display a larger potential distribution area (Higgins & Richardson 2014, Pyšek 
et al. 2015, Kalusová et al. 2017). It is hard to disentangle whether this skill was either acquired 
in consequence of a wide distribution or the broader physiological niche rather served as 
requirement (i.e. predictor) for a successful spread. For several plant invasions, it has been 
assumed that an initial selection of more plastic genotypes during introduction in the invaded 
range is considered a driver for post-introduction evolution (e.g. Ghalambor et al. 2007, Si et al. 
2014, Zenni et al. 2014). However, the ability to plastically respond to changes in environmental 
conditions might be to a certain extent determined by the genotype and consequently may also 
be adaptive itself (e.g. Matesanz et al. 2010, Oplaat & Verhoeven 2015, Turner et al. 2015, 
Molina-Montenegro et al. 2016). 
Regarding the investigated pool of species invading New Zealand we confirm plastic 
responses to UV-B radiation in several traits whereas we did not reveal evidence for adaptive 
plasticity as we found plasticity to occur to a similar extent both in native and exotic individuals. 
Selection of highly plastic ‘general-purpose-genotypes’ during invasions is favored by asexual 
reproduction and selfing in alien species, since recent genetic adaptation requires outcrossing 
during the invasion process (Oplaat & Verhoeven 2015, Oduor et al. 2016). Some of the most 
important invasive alien species in New Zealand are known for their clonal reproduction (see 
Beckmann et al. 2009), but this thesis is based on a quite heterogeneous species pool in terms 
of their reproductive strategies. Moreover, Huang et al. (2015) hypothesized that evolution of 
greater plasticity is especially constrained in stressful environments as phenotypic plasticity 
might be associated with additional costs for plant species. During plant invasions in high-UV-B 
environments, invasive species are exposed to an additional growth-limiting factor that might 
suppress potentially costly evolution of higher phenotypic plasticity. In addition to the potential 
costs involved, high phenotypic plasticity during plant invasions is assumed to depend on the 
difference between the optimal native and invasive phenotype, the predictability of the novel 
environment and the time since introduction (Lande 2015). According to this, the lack of 
adaptive phenotypic plasticity in high-UV-B environments observed in this thesis might be 
explained by an only medium phenotype modification that is necessary to cope with the 
constant exposure to elevated UV-B intensities across all life stages. If phenotypic plasticity of 
native genotypes is already sufficient to colonize high-UV-B environments, one would rather 




Nevertheless, it is conceivable that species invading high-UV-B environments display higher 
phenotypic plasticity in response to UV-B than non-invasive species. Previous studies revealed 
higher physiological but not morphological plasticity of invasive species compared to 
phylogenetically related native species in response to different light conditions (Hou et al. 2015, 
Fenollosa et al. 2017). Different photoprotective strategies for coexisting native and invasive 
species indicate an ‘all-in strategy’ of physiological plasticity for invasive species and a native 
‘saving strategy’ rather associated with morphological changes (Molina-Montenegro et al. 2016, 
Fenollosa et al. 2017). These finding support the idea of ‘fitness homeostasis’ claiming 
phenotypic plasticity in functional traits and constancy in performance traits to be the most 
promising strategy for invasive species to keep plant fitness high under changing environmental 
conditions (see Ruprecht et al. 2014). 
 
2.3. Environmental interactions in high-UV-B environments 
The contribution of environmental conditions to successful plant invasions has been observed 
in diverse manners. Especially the abiotic factors temperature and precipitation set the basic 
conditions for establishment and spread of alien species, since they vary at larger spatial scales 
and determine fundamental climate zones and species’ physiological niches (Petitpierre et al. 
2012, Ahmad et al. 2019). Furthermore, soil fertility and light conditions display a subordinate 
role at the local scale, and here biotic interactions come into play additionally. In view of this, 
the present thesis aimed at an impact classification of UV-B radiation that on the one hand 
fundamentally differs at the global scale and with seasonal fluctuations, such as the 
macroclimatic factors temperature and precipitation. On the other hand, UV-B radiation is 
closely associated with local light conditions and shading, as well as elevation that might 
substantially change at a smaller spatial scale. This thesis indicates a measurable impact of UV-B 
on plants but a medium effect size compared to other more harmful abiotic factors, such as 
water availability (see Chapter IV, see Fig. 5). This assessment might be confirmed by the lack of 
evidence for selective power of UV-B radiation and the repeated findings of plastic plant 
responses to the limiting environmental factor. Nevertheless, interaction effects of UV-B and 
other environmental factors may be of importance during plant invasions. 




Even though natural high-UV-B intensities are not a serious threat to grassland species, UV-B 
exposure triggers essential physiological plant responses that are meaningful in the context of 
other environmental stresses. UV-B radiation directly induces production of antioxidants and 
DNA repair mechanisms and, thus, provokes a mitigation of any oxidative stress in plant cells 
that might be caused by several environmental factors (Bandurska et al. 2013, Suchar & 
Robberecht 2015). In consequence, plants exposed to UV-B are, e.g., less sensitive to high levels 
of photosynthetically active radiation (PAR, Wargent et al. 2015), limited water availability and 
drought events (Basahi et al. 2014, Araújo et al. 2016) or elevated ozone concentrations (Wang 
et al. 2016) due to cross-protection effects (see Fig. 5). However, interaction effects of UV-B 
radiation and temperature imply a broad range of patterns and range from cross-resistance 
effects to detrimental synergistic effects of both stressors (Caldwell et al. 2007, Suchar & 
Robberecht 2015, 2016, Martel & Qaderi 2016). Moreover, biotic interactions are expected to 
be of importance during the invasion process, even if the release from specific enemies after 
introduction to a novel range is a valid assumption for many plant invasions. Thus, an UV-B 
induced resistance to general herbivores and pathogens due to secondary metabolites with 
defense abilities might display an effective prevention from biotic damage to alien species (see 
Caldwell et al. 2007, Kuhlmann & Müller 2010). 
This thesis especially addressed New Zealand grasslands, representative for strongly invaded 
high-UV-B environments. These investigated systems are particularly characterized by high solar 
radiation intensities, limited water availability or regular drought events, as well as high 
temperatures during the day and occasionally very low night temperatures. Thus, reduced 
sensitivity to common biotic and abiotic stresses induced by UV-B radiation during 
establishment and colonization of high-UV-B environments is likely to facilitate invasion success. 
Although direct UV-B effects on plants are manageable, the resulting release from ambient 
environmental stresses could have higher impact on survival and spread of alien species. 
Therefore, the importance of high UV-B for plant invasions results from its role in the interplay 






2.4. Current and future impact of global change 
Human impact generally has great influence on plant invasions worldwide and also directly and 
indirectly affects plant invasions in high-UV-B environments. The most direct anthropogenic 
influences on plant invasions are the still ongoing transport of plant material over long distances 
and the associated effects of multiple introductions and locally increased propagule pressure of 
alien species. The northern hemisphere was identified as the major donor region for alien 
species, whereas the Pacific islands and Australasia accommodate the highest number of 
naturalized species (van Kleunen et al. 2015). Temperate high-UV-B environments are located 
in southern hemisphere mid-latitudes that typically look back on a relatively short history of 
intensive land use and industrialization. Due to a long-lasting period of previous isolation or at 
least conservation of these regions, sudden intense anthropogenic disturbance led to an 
immense increase of alien species in quickly changing ecosystems. In this context, phenotypic 
plasticity might be especially beneficial not only for colonizing novel habitats but also in 
response to global change and associated increasing climatic unpredictability (Matesanz et al. 
2010, Nicotra et al. 2010, Fenollosa et al. 2017). Especially Central European plant species from 
more productive native habitats or with a wide native tolerance range regarding habitat 
productivity have been considered preadapted to become invasive (Dostál et al. 2013). Thus, 
invasion success of these species might be promoted by the increasing global nitrogen 
deposition associated with anthropogenic land use.  
Moreover, human induced climate change further modifies high-UV-B environments. Merilä 
(2012) revealed that most plant responses to climate change so far rely on species plasticity 
rather than genetic adaptation. Some previous studies show a mitigating effect of UV-B on 
expected climate change consequences, such as higher temperatures, increasing ozone 
concentrations or limited water availability, and an additionally facilitating effect of increasing 
CO2 on plant growth (e.g. Lavola et al. 2013, Bornman et al. 2015, Wang et al. 2016). These 
studies indicate reduced severity of climate change consequences for alien species in high-UV-B 
environments. 
In addition, surface UV-B intensities are further changing due to human impact in direct 
consequence of long-term changes in ozone levels, aerosol emissions and cloud patterns 
(McKenzie et al. 2007). Ozone levels in turn affect climate factors, such as wind patterns, 
precipitation and temperature, which again interact with UV-B radiation (Bornman et al. 2015). 
Especially in urban areas and regions of industrialization air pollution and aerosol loads 




significantly reduce surface UV-B radiation (McKenzie et al. 2007). UV-B exposure on plants is 
furthermore directly impacted by anthropogenic changes in land use and vegetation cover 
(Bornman et al. 2015). Therefore, predictions of future surface UV-B levels have to include 
varying socioeconomic scenarios simulating different land use intensities and levels of 
greenhouse gas concentrations, ozone precursor and aerosol emissions. Using such simulations, 
Watanabe et al. (2011) predict pronounced changes in UV-B radiation in the northern and 
southern extratropics until 2100. While in current high-UV-B environments in the southern 
hemisphere mid-latitudes UV-B radiation will decrease by at least 5% due to stratospheric ozone 
increases, reductions in tropospheric ozone and aerosols will lead to an improvement of air 
quality and consequently increasing UV-B radiation intensities in the northern hemisphere mid-
latitudes.  
Given the number of potentially changing environmental factors – just as their interactions 
– in the context of global change, reliable predictions on present or future plant invasions in 
high-UV-B environments are difficult to make (see Fig. 5). In the long term, global UV-B evolution 
might even question the current classification of high-UV-B environments, as local solar UV-B 
radiation intensities and even global maximum UV-B levels might further increase or decrease 
depending on human impact. 
 
Figure 5: Framework of factors affecting plant invasions in high-UV-B environments based on 
the conceptual framework (see Fig. 3) and modified in accordance with the findings of Chapters 





To further improve the understanding of plant invasions in high-UV-B environments and 
underlying mechanisms some additional aspects have to be addressed more explicitly or with 
modified methodological approaches in future research. 
 
3.1.  High-quality quantification of relevant UV-B effects on plants 
UV-B effects on plant fitness and growth can be best quantified in natural ambient UV-B 
environments with UV filters serving as comparative treatments. Solar radiation is a complex 
natural component providing not only a particular composition of different wavelengths but also 
determining microclimatic conditions due to unpredictable presence and intensity. In contrast, 
static application of artificial UV-B in controlled environments is more appropriate to investigate 
UV-B perception and induced physiological responses, e.g. DNA damage and repair rates or 
production of secondary metabolites. However, the usage of artificial UV-B radiation often leads 
to unrealistic proportions of UV-A, UV-B and visible light (PAR) wavelengths and consequently 
results in plant responses that are not representative for natural effect sizes. Accompanying 
temperature conditions always affect UV-B effects on plants, either directly by the known 
interaction effects on plant physiology or even due to temperature sensitivity of some 
measuring instruments. Independent of the nature of experiments (i.e. indoor or outdoor), it is 
important to pay attention to spectral properties, filters and accurate UV-B measurements 
ideally realized by spectroradiometers that allow quantification at discrete wavelength 
(Bornman et al. 2015).  
 
3.2.  Common gardens vs. in-situ approaches 
The major strength of common garden experiments is the possibility to quantify the genetic 
component of phenotypic variation by comparing trait variation among different genotypes 
(Kawecki & Ebert 2004, Zenni et al. 2014). Thereby, it is easy to control most biotic and abiotic 
conditions and to focus on particular environmental factors or gradients. Common garden 
approaches are also suitable to investigate specific interaction effects of environmental factors 
but might involve the danger of setting artificial and therefore inappropriate conditions that do 
not apply in natural environments. In consequence, it can be difficult to determine how 




environmental factors affect habitat invasiveness and whether in combination they effectively 
act synergistically, antagonistically or imply cross-protection effects for plants. However, to 
elucidate consequences of ambient UV-B for alien species more complex natural settings should 
be investigated to observe interaction effects of relevant local biotic and abiotic environmental 
factors. Monitoring of wild populations allows for the assessment of plant responses and 
simultaneous in-situ measurements of local UV-B radiation and other environmental factors. 
Especially biotic interactions are usually difficult to simulate in artificial environments but might 
be crucial for alien species in different stages of invasion. Investigations of the effects of 
pathogens, herbivores or competition might be most accurately observed in field experiments 
and is assumed to be affected in the context of high UV-B radiation (e.g. Caldwell et al. 2007, 
Kuhlmann & Müller 2010, Escobar-Bravo et al. 2017). Environmental interactions with UV-B 
radiation in general and interactions of UV-B with biotic environmental factors in particular 
display a recent knowledge gap in the light of further climate change and human impact 
(Bornman et al. 2015).  
 
3.3. Experimental design issues and limitations 
There are some limitations of experimental settings used to investigate particular plant 
invasions. Relying on only one common garden experiment only allows estimation of 
differentiation between included genotypes, but no information is gained on the experimental 
environment or genotype x environment interaction. Therefore, reciprocal transplants or 
common garden experiments are typically conducted in invasion ecology research to consider 
the effects of the respective donor environments on the response of tested genotypes (Kawecki 
& Ebert 2004, de Villemereuil et al. 2016). Reciprocal common gardens offer the opportunity to 
test for local adaptation of genotypes, but direct measurement of fitness traits is desirable to 
assess the evolutionary importance (Moran & Alexander 2014). However, reciprocal transplant 
experiments cannot unequivocally distinguish between contribution of recent natural selection 
after introduction and introduced preadapted genotypes to observed local adaptation (Colautti 
& Lau 2015). Moreover, genetic and epigenetic effects cannot be clearly differentiated by 
common garden experiments and could be more specifically addressed in multigenerational 
common garden experiments (Moran & Alexander 2014). The latter would be additionally 
interesting with regard to long-term UV-B effects on plant fitness. Ideally, common gardens 




of environmental variation of the respective regions (Moloney et al. 2009). Multiple common 
gardens in one region further provide the opportunity to disentangle effects of genetic and 
environmental factors as populations often develop geographical clines and exhibit significant 
trait variation along latitudinal or environmental gradients (Colautti et al. 2009, Zenni et al. 
2014). Since UV-B radiation intensities naturally change with latitude, implications of potentially 
existing geographic clines in response to other environmental factors might provide valuable 
insights in environmental interaction effects. Furthermore, it is also recommendable to focus on 
more than one high-UV-B invaded range of alien species, as local environmental situations might 
be rather individual and general UV-B effect patterns are more likely to be detected among 
several environments (Taylor et al. 2016, Hierro et al. 2017). 
 
3.4. Testing for UV-B preadaptation 
Identification of species with distinct invasiveness in high-UV-B environments based on a general 
predisposition to cope with elevated UV-B or even previous experience of elevated UV-B levels 
in their native range requires a good choice of target species and suitable comparative groups. 
In this thesis evidence for UV-B preadaptation of species was derived from comparisons within 
a pool of already invasive species representing alien species of New Zealand grasslands (see 
Chapter II). In this context, it might be furthermore meaningful to compare species with 
different invasion success in high-UV-B environments ranging from failed alien species to 
intrusive invaders in their response to UV-B radiation. Different levels of invasiveness are not 
independent of time since introduction and propagule pressure, generally difficult to define in 
meaningful categories and even harder to describe as continuous variable (Schlaepfer et al. 
2010). Furthermore, those experiments might involve some logistic challenges especially if they 
are conducted in the invaded range, since the import of native genetic plant material always 
offers risks to already invaded regions and is therefore often strictly regulated. To reliably assess 
the impact of particular target traits on UV-B predisposition one might consider more 
homogeneous species pools regarding other traits (e.g. life form, life span, habit). Comparisons 
of congeneric species could even allow conclusions about their aptitude for high-UV-B 
environments independent of omnipresent phylogenetic effects (see van Kleunen & Johnson 
2007, Schlaepfer et al. 2010). Leaf traits, leaf anatomy, physiological traits or even plasticity in 
these traits display potential target traits or species characteristics that might have a key 
function in UV-B preadaptation and are therefore worth some experimental testing. 




Furthermore, testing of different locally adapted ecotypes within single species might give 
further insights in the importance of pre-experienced UV-B radiation levels prior to introduction 
to high-UV-B environments. In this context, investigations along elevational gradients might be 






4. Conclusion  
The present thesis assessed mechanisms of plant invasions in high-UV-B environments and the 
impact of the abiotic environmental factor UV-B on alien plant species. The conducted 
approaches revealed a medium overall direct impact of UV-B on plant growth and development 
compared to drought that also represents a common abiotic stress of grassland ecosystems. 
Higher importance of UV-B radiation to alien species during invasions is likely to arise from its 
capability to induce physiological cross-protection to other environmental stresses that might 
limit plant performance in novel habitats. Moreover, there was no evidence for UV-B acting as 
selective force during colonization of high-UV-B environments. Nevertheless, native range UV-B 
niche characteristics were associated with plant performance in different UV regimes and 
therefore indicated a useful preadaptation by prior-introduction experience of elevated UV-B 
intensities. Thus, future consideration of native UV-B niches might be meaningful to model 
species physiological niches and to predict potential species distribution. Phenotypic plasticity 
turned out to be a beneficial characteristic for species facing unfamiliar high UV-B intensities 
among all approaches and is likely to display an essential advantage concerning ongoing global 
environmental change. Current and future human impact on climate and ecosystems will further 
directly change surface UV-B radiation levels at global scale, thereby reducing the present 
overall mean UV-B difference between the hemispheres and potentially creating novel 
high-UV-B environments elsewhere. Nevertheless, global change will result in various effects on 
other biotic and abiotic components of habitats that will certainly interact with each other and 
also with UV-B. Thus, plant invasions in high-UV-B environments already face complex 
environmental conditions, whose interplay and consequences for alien species is worth to be 
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Figure II.S1.1: Technical drawing of experimental units equipped with plastic filter sheets 
Figure III.S2: Technical drawing of UV cabinets equipped with plastic filter sheets (blue) and 




Table II.S2.1: Climatic conditions during the respective run times of both common garden 
experiments in Germany and New Zealand. Distance provides the geographic distance of 
measuring station to the location of the common garden. 
 
data source measuring station distance [km]
minimum temperature [°C] 4.1 - 4.7 DWD Kiel-Holtenau 3.8
maximum temperature [°C] DWD Kiel-Holtenau 3.8
total sun hours [h] 470 - 495 DWD Kiel-Holtenau 3.8
sun hours per day [h] DWD Kiel-Holtenau 3.8
total global radiation [kJ/m²] 972 620 - 1 012 780 DWD Schleswig 41.9
global radiation per day [kJ/m² d] 13 152 - 13 324 DWD Schleswig 41.9
total UV-B radiation [kJ/m²] 944 - 974 BfS Westerland, Sylt 130.2
UV-B radiation per day [kJ/m² d] 12.7 - 12.9 BfS Westerland, Sylt 130.2
data source measuring station distance [km]
minimum temperature [°C] NIWA Lincoln, Broadfield Ews 2.2
maximum temperature [°C] NIWA Lincoln, Broadfield Ews 2.2
total sun hours [h] 537 - 760 NIWA Christchurch Aero 18.0
sun hours per day [h] 7.1 - 7.4 NIWA Christchurch Aero 18.0
total global radiation [kJ/m²] 1 694 700 - 2 284 880 NIWA Lincoln, Broadfield Ews 2.2
global radiation per day [kJ/m² d] 21 354 - 23 215 NIWA Lincoln, Broadfield Ews 2.2
total UV-B radiation [kJ/m²] 2622 - 3454 UV Atlas Lincoln, Broadfield Ews 2.2















Table II.S3.2: List of obtained GBIF download and dataset DOIs 
GBIF download DOI for Prunella vulgaris : https://doi.org/10.15468/dl.z6sd91
GBIF download DOI for Trifolium pratense : https://doi.org/10.15468/dl.ti2lfg
GBIF download DOI for Trifolium repens : https://doi.org/10.15468/dl.rhj4wa




























Table II.S4.3: Results of a linear model analysis testing the effects of species-specific UV-B 
adaptation and residence time on the invasion success of study species. In all models, as 
measure of invasion success the logarithmized number of New Zealand glUV grid cells occupied 
by each study species based on available GBIF occurrence data served as response variable. ‘UV-
B effect size’ depicts the effect of species-specific Hedge’s g calculated from the experimental 
treatment level difference (+UVA|-UVB vs. +UV-A|+UV-B) in plant performance for leaf dry 
matter content, leaf length, maximum horizontal plant expansion and aboveground biomass. 
‘Residence time’ refers to the effect of species-specific years since recorded naturalization 
obtained from the New Zealand Plant Conservation Network (www.nzpcn.org.nz/flora). Degrees 
of freedom (df), F statistics (F) and significance values (p) are provided for the fixed effect terms. 
Fixed effect df F p Fixed effect df F p
UV-B effect size 1 1.289 0.268 UV-B effect size 1 0.183 0.673
Residence time 1 10.845 0.003 ** Residence time 1 8.825 0.007 **
Fixed effect df F p Fixed effect df F p
UV-B effect size 1 1.340 0.259 UV-B effect size 1 2.870 0.104
Residence time 1 8.332 0.009 ** Residence time 1 8.410 0.008 **
Leaf dry matter content Leaf length
Aboveground biomassMax. plant expansion
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Table II.S5.4: Random effect results of final mixed model analysis. Degrees of freedom (df), chi-
squared statistic (Chi²), and significance values (p) are provided for all nested random effect 
terms. 
Random effect df Chi² p Random effect df Chi² p
Unit : Exp 1 <0.001 1.000 Unit : Exp 1 <0.001 1.000
Unit : UV 1 0.013 0.900 Unit : UV 1 <0.001 1.000
Species : Exp 1 38.300 <0.001 *** Species : Exp 1 33.800 <0.001 ***
Species : UV 1 <0.001 1.000 Species : UV 1 <0.001 1.000
Family : Species 1 <0.001 1.000 Family : Species 1 <0.001 1.000
Random effect df Chi² p Random effect df Chi² p
Unit : Exp 1 <0.001 1.000 Unit : Exp 1 0.000 1.000
Unit : UV 1 1.130 0.300 Unit : UV 1 0.417 0.520
Species : Exp 1 51.300 <0.001 *** Species : Exp 1 4.160 0.040 *
Species : UV 1 0.000 1.000 Species : UV 1 <0.001 1.000
Family : Species 1 <0.001 1.000 Family : Species 1 0.000 1.000
Random effect df Chi² p Random effect df Chi² p
Unit : Exp 1 0.295 0.6 Unit : Exp 1 1.061 0.300
Unit : UV 1 0.447 0.500 Unit : UV 1 0.000 1.000
Species : Exp 1 11.800 <0.001 *** Species : Exp 1 37.695 <0.001 ***
Species : UV 1 <0.001 1.000 Species : UV 1 0.001 1.000
Family : Species 1 <0.001 1.000 Family : Species 1 0.000 1.000
Random effect df Chi² p Random effect df Chi² p
Unit : Exp 1 <0.001 1.000 Unit : Exp 1 0.171 0.680
Unit : UV 1 0.827 0.400 Unit : UV 1 1.280 0.260
Species : Exp 1 2.490 0.100 Species : Exp 1 6.171 0.010 *
Species : UV 1 0.540 0.500 Species : UV 1 0.000 1.000
Family : Species 1 <0.001 1.000 Family : Species 1 0.000 1.000
Specific leaf area Leaf dry matter content
Aboveground biomass Plant height
Max. plant expansion Leaf number

































































































































































































































































































































































































































































































































































































































Table III.S3: Climatic conditions during the respective run times of both common garden 
experiments in Germany and New Zealand. Distance provides the geographic distance of 
measuring station to the location of the common garden. 
data source measuring station distance [km]
minimum temperature [°C] 4.1 - 4.7 DWD Kiel-Holtenau 3.8
maximum temperature [°C] DWD Kiel-Holtenau 3.8
total sun hours [h] 470 - 495 DWD Kiel-Holtenau 3.8
sun hours per day [h] DWD Kiel-Holtenau 3.8
total global radiation [kJ/m²] 972 620 - 1 012 780 DWD Schleswig 41.9
global radiation per day [kJ/m² d] 13 152 - 13 324 DWD Schleswig 41.9
total UV-B radiation [kJ/m²] 944 - 974 BfS Westerland, Sylt 130.2
UV-B radiation per day [kJ/m² d] 12.7 - 12.9 BfS Westerland, Sylt 130.2
data source measuring station distance [km]
minimum temperature [°C] NIWA Lincoln, Broadfield Ews 2.2
maximum temperature [°C] NIWA Lincoln, Broadfield Ews 2.2
total sun hours [h] 537 - 760 NIWA Christchurch Aero 18.0
sun hours per day [h] 7.1 - 7.4 NIWA Christchurch Aero 18.0
total global radiation [kJ/m²] 1 694 700 - 2 284 880 NIWA Lincoln, Broadfield Ews 2.2
global radiation per day [kJ/m² d] 21 354 - 23 215 NIWA Lincoln, Broadfield Ews 2.2
total UV-B radiation [kJ/m²] 2622 - 3454 UV Atlas Lincoln, Broadfield Ews 2.2











Table III.S4: Information about species-specific raw data variance of all response variables 
variables variance ArtAbs EryChe LinPur LobMar OriVul TraPor TriPra TriRep
Min. 18.27 0.61 1.38 0.95 0.12 8.68 19.26 26.36
1st Qu. 25.50 9.33 8.99 4.47 9.95 17.45 43.70 34.85
Median 29.50 11.56 18.20 8.20 17.40 27.16 50.77 38.56
Mean 31.47 11.05 19.18 8.92 19.07 24.86 53.63 39.48
3rd Qu. 38.87 14.42 24.49 10.58 26.63 29.07 57.41 44.40
Max. 53.01 21.33 59.40 23.29 52.01 51.98 145.71 52.07
sd 8.53 4.81 13.79 5.58 12.51 9.16 21.07 6.10
Min. 0.22 0.10 0.42 0.02 0.27 1.52 0.14 0.12
1st Qu. 0.72 0.27 0.70 0.05 0.96 2.77 0.25 0.30
Median 1.13 0.86 1.02 0.10 1.53 8.30 0.35 0.46
Mean 461.79 152.96 327.98 26.40 314.85 1684.87 205.84 80.98
3rd Qu. 961.50 309.75 653.00 47.50 454.25 3269.00 382.25 166.00
Max. 1969.00 525.00 1748.00 133.00 2691.00 5728.00 1382.00 315.00
sd 0.40 0.17 0.33 0.03 0.64 1.46 0.40 0.11
Min. 8.50 9.00 8.00 10.00 4.50 9.00 9.00 5.00
1st Qu. 16.38 12.38 21.38 18.50 11.75 20.12 29.00 12.50
Median 25.50 15.00 47.50 23.50 24.75 29.75 37.25 18.00
Mean 40.10 15.90 44.69 22.30 22.78 28.40 35.68 17.14
3rd Qu. 60.38 18.25 65.00 26.00 31.00 36.25 44.00 20.00
Max. 92.00 32.00 92.00 32.50 46.00 48.00 60.00 31.00
sd 27.97 5.09 25.47 5.46 11.77 11.42 11.94 5.74
Min. 19.50 12.50 12.50 17.50 4.00 47.00 39.50 31.00
1st Qu. 25.75 14.88 23.00 33.25 27.00 53.00 48.88 37.50
Median 37.50 20.00 27.00 42.00 31.25 60.00 65.00 46.00
Mean 38.92 20.21 29.44 41.59 35.58 61.08 73.19 45.79
3rd Qu. 43.25 24.25 34.00 50.50 40.75 66.00 99.00 52.00
Max. 96.00 30.00 64.00 80.00 77.00 81.00 138.00 70.00
sd 16.50 5.37 10.90 13.75 15.67 9.13 28.07 9.77
Min. 5.50 5.50 3.00 2.00 2.00 25.50 12.00 10.50
1st Qu. 11.00 7.00 3.88 2.50 3.50 36.00 14.88 14.00
Median 13.75 8.25 4.50 3.50 4.00 41.25 19.50 17.00
Mean 15.90 8.56 4.64 3.66 4.11 40.94 19.61 17.31
3rd Qu. 21.25 10.00 5.13 4.50 4.50 47.12 22.00 18.62
Max. 36.00 15.50 7.00 6.00 6.00 57.00 35.50 38.00
sd 7.02 2.17 1.17 1.15 0.90 7.53 5.21 4.75
Min. 5.90 4.68 11.11 14.93 8.35 10.12 14.68 15.78
1st Qu. 8.70 7.18 14.02 15.65 15.01 12.44 15.93 17.86
Median 11.95 8.80 15.55 17.22 18.44 13.76 17.37 19.62
Mean 12.21 9.17 15.34 17.47 18.31 13.48 17.62 19.91
3rd Qu. 14.38 10.43 17.08 18.48 20.05 14.57 18.93 22.11
Max. 22.71 17.37 18.84 21.56 28.95 16.16 22.41 26.10
sd 4.02 2.65 2.13 2.05 5.19 1.59 1.96 2.73
Min. 19.72 17.95 17.33 16.43 21.55 13.58 17.48 15.47
1st Qu. 24.65 23.30 19.39 19.84 24.52 17.32 21.68 18.39
Median 26.72 26.41 20.52 22.16 28.32 18.17 24.14 19.41
Mean 27.00 26.08 21.04 22.35 29.68 18.24 24.19 19.93
3rd Qu. 29.73 28.86 22.87 24.12 35.02 19.22 26.88 21.25
Max. 33.85 36.54 25.27 32.61 42.70 21.45 31.31 34.46
sd 3.70 4.17 2.26 3.74 5.81 1.49 3.46 3.18
Min. 13.50 7.00 23.14 5.58 14.15 8.18 7.69
1st Qu. 21.23 14.90 29.90 25.90 18.89 14.93 12.79
Median 27.30 18.00 34.42 31.17 21.52 16.17 13.90
Mean 27.46 21.93 34.26 33.02 21.55 16.06 13.71
3rd Qu. 31.51 26.42 37.23 43.15 23.86 17.14 14.56
Max. 45.91 50.06 50.35 65.06 29.90 25.94 18.08
sd 7.13 10.32 5.84 14.05 3.54 2.91 1.86
Min. 43.24 11.35 29.72 113.90 137.00 47.34 8.90
1st Qu. 136.13 34.53 46.51 220.00 169.40 116.22 36.12
Median 168.78 39.35 83.57 229.90 194.40 159.98 46.16
Mean 159.29 40.80 76.96 225.70 192.00 154.83 50.01
3rd Qu. 182.46 45.33 101.05 240.30 206.10 195.73 61.31
Max. 230.77 65.55 135.49 270.60 255.90 238.32 90.36
sd 43.47 10.55 29.89 30.74 25.99 47.96 20.84
Min. 0.00 0.00 0.00 9.00 0.00 0.00 0.00 0.00
1st Qu. 0.00 0.00 0.00 50.50 0.00 0.00 29.25 0.75
Median 0.00 0.00 3.50 74.00 4.50 0.00 59.50 9.00
Mean 17.86 0.00 21.11 90.40 34.81 0.00 62.14 25.89
3rd Qu. 22.25 0.00 48.25 118.50 71.50 0.00 93.25 39.00
Max. 142.00 0.00 108.00 203.00 149.00 0.00 155.00 125.00













specific leaf area 
[m²/kg]





































































































































































































































































































































































































































































































































































































































































































































































































































































































































Table IV.S1: Effect directions of harvest data analysis. Predicted values (‘fit’), standard error 
(‘SE’) and confidence interval (‘lower’ and ‘upper’ limits) are given for all significant main and 
twofold interaction effects of ‘Origin’, ‘UV-B’, and ‘Water’ in the harvest data analysis. 
Significance levels of effects are indicated by asterisks (*P < 0.05; **P < 0.01; ***P < 0.001). 
 
fit se lower upper *
DE 1.523 0.098 1.327 1.720
NZ 1.205 0.114 0.977 1.432
fit se lower upper *** fit se lower upper *** fit se lower upper *** fit se lower upper ***
well 1.756 1.102 1.552 1.961 3.716 0.156 3.404 4.027 5.667 0.252 5.163 6.171 8.010 0.364 7.281 8.739
low 1.028 1.102 0.824 1.233 1.758 0.155 1.449 2.067 2.892 0.259 2.375 3.409 3.462 0.368 2.725 4.199
fit se lower upper *
DE well 8.858 0.500 7.858 9.858
NZ well 6.907 0.561 5.784 8.030
DE low 3.601 0.497 2.607 4.595
NZ low 3.281 0.578 2.125 4.436
Aboveground biomass
fit se lower upper *
DE 1.155 0.074 1.007 1.303
NZ 0.915 0.086 0.743 1.088
fit se lower upper *** fit se lower upper *** fit se lower upper *** fit se lower upper ***
well 1.311 0.077 1.156 1.465 2.468 0.100 2.268 2.668 3.746 0.164 3.417 4.075 4.157 0.230 3.696 4.618
low 0.802 0.077 0.648 0.957 1.357 0.099 1.159 1.554 2.314 0.169 1.977 2.652 2.674 0.232 2.210 3.139
Belowground biomass
fit se lower upper * .
DE 0.368 0.025 0.318 0.418
NZ 0.289 0.030 0.230 0.349
fit se lower upper *** fit se lower upper *** fit se lower upper *** fit se lower upper ***
well 0.446 0.026 0.394 0.499 1.245 0.067 1.111 1.379 1.935 0.154 1.627 2.243 3.849 0.199 3.450 4.248
low 0.225 0.026 0.173 0.278 0.404 0.067 0.271 0.538 0.571 0.156 0.259 0.882 0.795 0.202 0.391 1.200
. fit se lower upper ** fit se lower upper **
DE well 1.375 0.076 1.223 1.527 4.505 0.269 3.966 5.043
NZ well 1.078 0.082 0.915 1.241 2.997 0.300 2.395 3.598
DE low 0.377 0.077 0.222 0.531 0.705 0.267 0.171 1.239
NZ low 0.440 0.084 0.272 0.607 0.913 0.312 0.290 1.537
fit se lower upper *
- UV-B well 1.425 0.095 1.236 1.615
+ UV-B well 1.070 0.094 0.882 1.259
- UV-B low 0.441 0.094 0.253 0.629
+ UV-B low 0.368 0.094 0.180 0.557
Shoot:mass ratio
fit se lower upper * fit se lower upper *** fit se lower upper *** fit se lower upper ***
well 0.753 0.008 0.737 0.769 0.664 0.013 0.639 0.689 0.667 0.017 0.633 0.701 0.530 0.013 0.504 0.556
low 0.779 0.008 0.762 0.795 0.774 0.012 0.749 0.798 0.800 0.017 0.767 0.834 0.783 0.013 0.757 0.809
fit se lower upper *
DE well 0.510 0.017 0.475 0.545
NZ well 0.557 0.019 0.518 0.596
DE low 0.784 0.017 0.749 0.819
NZ low 0.781 0.020 0.741 0.821
Root dry matter content
fit se lower upper *
DE 12.740 0.323 12.094 13.386
NZ 11.616 0.374 10.867 12.364
fit se lower upper *** fit se lower upper *
well 10.501 0.559 9.383 11.619 23.938 1.891 20.154 27.721
low 13.693 0.559 12.575 14.811 29.064 1.948 25.166 32.961
fit se lower upper *
- UV-B well 12.487 0.441 11.607 13.368
+ UV-B well 11.407 0.431 10.545 12.269
- UV-B low 12.174 0.429 11.317 13.032
+ UV-B low 12.915 0.431 12.055 13.776
Leaf dry matter content
fit se lower upper * fit se lower upper ***
DE 17.221 0.356 16.508 17.934 19.461 0.321 18.820 20.102
NZ 15.867 0.436 14.994 16.741 17.391 0.376 16.639 18.143
fit se lower upper *** fit se lower upper *** fit se lower upper *** fit se lower upper **
well 14.668 0.376 13.916 15.420 19.510 0.304 18.902 20.117 28.482 0.719 27.044 29.921 26.506 1.056 24.393 28.619
low 18.744 0.381 17.980 19.507 17.631 0.299 17.032 18.230 32.743 0.740 31.262 34.224 30.190 1.069 28.053 32.328
Specific leaf area
fit se lower upper * fit se lower upper *
well 16.499 1.289 13.922 19.076 13.976 0.841 12.293 15.658
low 19.844 1.276 17.294 22.394 11.979 0.848 10.282 13.675
fit se lower upper **
DE well 18.610 0.930 16.749 20.471
NZ well 17.105 1.045 15.456 19.634
DE low 17.569 0.924 15.720 19.417
NZ low 21.314 1.075 19.165 23.464
Water





























Table IV.S1 continued 
Leaf number
fit se lower upper **
- UV-B 15.187 0.317 14.553 15.821
+ UV-B 16.062 0.314 15.434 16.691
fit se lower upper *** fit se lower upper *** fit se lower upper *** fit se lower upper ***
well 11.811 0.219 11.373 12.249 16.888 0.317 16.254 17.522 19.198 0.442 18.314 20.082 23.370 0.560 22.250 24.491
low 10.689 0.219 10.251 11.127 14.409 0.315 13.780 15.038 16.717 0.451 15.816 17.619 18.983 0.563 17.857 20.109
fit se lower upper *
DE - UV-B 18.732 0.605 17.522 19.942
NZ - UV-B 17.342 0.716 15.908 18.775
DE + UV-B 17.702 0.603 16.496 18.909
NZ + UV-B 18.009 0.711 16.587 19.432
fit se lower upper **
DE well 24.565 0.750 23.065 26.065
NZ well 21.817 0.833 20.152 23.483
DE low 19.114 0.745 17.624 20.604
NZ low 18.814 0.846 17.121 20.506
Proportion of dead leaves
fit se lower upper *
well 29.530 1.652 26.226 32.834
low 33.391 1.664 30.062 36.719
fit se lower upper **
DE - UV-B 22.798 3.341 16.112 29.484
NZ - UV-B 17.054 3.690 9.669 24.438
DE + UV-B 17.674 3.335 11.000 24.348
NZ + UV-B 26.486 3.734 19.013 33.958
fit se lower upper *
DE well 26.070 2.338 21.397 30.743
NZ well 29.248 2.665 23.921 34.575
DE low 27.735 2.394 22.949 32.521
NZ low 22.635 2.835 16.968 28.302
Leaf length
fit se lower upper * fit se lower upper *
- UV-B 15.91784 0.447 15.02325 16.81244 14.251 0.282 13.687 14.815
+ UV-B 10.80275 0.447 9.908 11.69734 13.393 0.282 12.829 13.956
fit se lower upper * fit se lower upper *** fit se lower upper *** fit se lower upper ***
well 13.962 0.399 13.163 14.761 16.905 0.273 16.360 17.451 15.733 0.278 15.177 16.289 15.319 0.282 14.756 15.883
low 12.759 0.399 11.960 13.557 12.544 0.269 12.007 13.082 11.795 0.286 11.223 12.367 12.018 0.285 11.448 12.587
fit se lower upper ** fit se lower upper *
DE well 16.442 0.380 15.682 17.202 15.133 0.386 14.360 15.905
NZ well 17.504 0.434 16.635 18.372 15.562 0.433 14.695 16.429
DE low 13.031 0.389 12.254 13.809 12.510 0.384 11.743 13.278
NZ low 11.916 0.460 10.995 12.836 11.377 0.445 10.487 12.267
Leaf width
fit se lower upper * fit se lower upper *
DE 6.208 0.239 5.730 6.686 6.575 0.155 6.266 6.885
NZ 5.649 0.261 5.128 6.171 6.008 0.179 5.650 6.367
fit se lower upper *** fit se lower upper *** fit se lower upper *** fit se lower upper ***
well 6.440 0.239 5.962 6.918 7.208 0.124 6.960 7.456 6.862 0.187 6.489 7.236 8.467 0.400 7.667 9.267
low 5.516 0.239 5.038 5.993 5.472 0.123 5.226 5.718 5.605 0.190 5.225 5.985 6.310 0.405 5.499 7.121
fit se lower upper *
DE well 6.877 0.249 6.378 7.376
NZ well 6.841 0.287 6.267 7.416
DE low 5.910 0.248 5.414 6.406
NZ low 5.170 0.301 4.567 5.773
Rosette area
fit se lower upper *
- UV-B 446.187 28.721 388.716 503.659
+ UV-B 206.260 28.721 148.788 263.731
fit se lower upper *** fit se lower upper *** fit se lower upper ***
well 556.943 17.94022 521.081 592.805 642.2073 20.5646 601.0577 683.3568 451.381 20.759 409.857 492.906
low 303.375 17.71059 267.972 338.778 367.8283 21.1644 325.4784 410.1783 269.643 20.956 227.724 311.561
PSII efficiency (Y)
fit se lower upper **
- UV-B 0.825 0.002 0.821 0.829
+ UV-B 0.834 0.002 0.830 0.838
fit se lower upper ** fit se lower upper *** fit se lower upper *** fit se lower upper **
well 0.825 0.002 0.821 0.830 0.814 0.003 0.809 0.820 0.802 0.004 0.795 0.809 0.795 0.004 0.788 0.802
low 0.834 0.002 0.830 0.838 0.825 0.003 0.819 0.830 0.818 0.004 0.811 0.825 0.803 0.004 0.796 0.810
fit se lower upper **
- UV-B well 0.805 0.004 0.798 0.812
+ UV-B well 0.823 0.004 0.816 0.830
- UV-B low 0.824 0.004 0.817 0.831
+ UV-B low 0.826 0.004 0.819 0.833
Min. chlorophyll fluorescence (F 0)
fit se lower upper * fit se lower upper * fit se lower upper **
DE 394.810 8.499 377.822 411.799 378.2706 11.9998 354.2591 402.2822 354.963 15.473 324.012 385.914
NZ 427.996 9.802 408.401 447.590 414.4455 13.7182 386.9955 441.8955 388.209 15.966 356.272 420.147
fit se lower upper ** fit se lower upper * fit ***
well 418.098 7.248 403.594 432.601 418.183 7.363 403.465 432.901 354.120 15.267 323.581 384.659
low 389.344 7.248 374.840 403.847 400.663 7.290 386.090 415.236 385.165 15.311 354.538 415.793
fit se lower upper *
DE - UV-B 405.511 9.782 385.937 425.085
NZ - UV-B 426.437 11.016 404.394 448.480
DE + UV-B 399.024 9.761 379.493 418.555
NZ + UV-B 385.156 11.170 362.805 407.507
fit se lower upper **
- UV-B well 448.308 9.873 428.571 468.045
+ UV-B well 388.895 9.688 369.529 408.262
- UV-B low 405.610 9.635 386.351 424.870
+ UV-B low 395.853 9.676 376.511 415.194
Max. chlorophyll fluorescence (F m)
fit se lower upper ** fit se lower upper ***
well 1995.441 78.317 1838.728 2152.153 1734.201 85.130 1563.916 1904.486
low 2154.388 78.750 1996.809 2311.966 1965.041 85.261 1794.493 2135.588
fit se lower upper *
DE - UV-B 2334.922 45.296 2244.285 2425.560
NZ - UV-B 2431.805 53.113 2325.527 2538.083
DE + UV-B 2431.648 45.158 2341.288 2522.008
NZ + UV-B 2293.737 54.066 2185.550 2401.923






































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































Table IV.S3: Fixed-effect results of the harvest data analysis. ‚UV-B’ and ‘Water’ depict the effect 
of treatments, ‘Origin’ refers to the effect of German vs. New Zealand provenance. Degrees of 
freedom (dfN = numerator, dfD = denominator), F statistics (F), and significance values (P) are 
provided. Values in boldface type indicate significant P values (*P < 0.05; **P < 0.01; ***P < 
0.001) and values in italic typeface indicate marginal effects. (P < 0.1). 
1st harvest (3 weeks) 2nd harvest (6 weeks) 3rd harvest (9 weeks) 4th harvest (12 weeks)
Variable / Source dfN dfD F p dfD F p dfD F p dfD F p
Leaf number
Origin 1 16.5 0.366 0.554 20.7 0.176 0.680 20.8 0.390 0.539 17.9 2.131 0.162
UV-B 1 44.3 0.050 0.825 46.1 8.537 0.005 ** 44.0 0.200 0.657 1.6 0.150 0.743
Water 1 45.3 15.466 <0.001 *** 46.1 60.636 <0.001 *** 44.0 40.880 <0.001 *** 44.6 111.702 <0.001 ***
Initial leaf number (Covariate) 1 49.5 52.319 <0.001 *** 52.4 12.779 <0.001 *** 53.2 15.095 <0.001 *** 55.9 24.796 <0.001 ***
Origin x UV-B 1 44.2 0.289 0.594 47.0 0.959 0.332 43.9 4.556 0.038 * 42.2 0.078 0.782
Origin x Water 1 44.3 0.025 0.875 47.0 0.655 0.422 43.9 0.457 0.503 44.2 9.566 0.003 **
UV-B x Water 1 44.9 0.225 0.637 47.1 0.000 0.993 44.0 0.116 0.735 44.5 0.549 0.463
Origin x UV-B x Water 1 44.1 1.865 0.179 46.5 0.244 0.624 43.9 0.219 0.642 45.5 0.244 0.623
Proportion of dead leaves
Origin 1 57.0 0.293 0.590 18.8 0.082 0.778 18.7 0.43487 0.518 17.8 0.885 0.360
UV-B 1 1.5 0.265 0.671 45.1 2.358 0.132 1.7 0.0033 0.960 44.2 0.382 0.540
Water 1 58.0 3.368 0.072 . 45.2 1.677 0.202 41.1 0.14482 0.706 44.3 6.813 0.012 *
Initial leaf number (Covariate) 1 57.1 19.180 <0.001 *** 41.0 0.535 0.469 55.0 3.1216 0.083 . 59.0 0.214 0.645
Origin x UV-B 1 57.0 7.745 0.007 ** 46.1 0.003 0.957 38.9 2.73949 0.106 44.1 0.136 0.714
Origin x Water 1 41.3 1.283 0.264 46.2 4.581 0.038 * 41.1 0.00291 0.957 44.2 0.026 0.872
UV-B x Water 1 58.0 0.045 0.832 46.2 0.505 0.481 41.2 0.00179 0.966 44.2 1.002 0.322
Origin x UV-B x Water 1 41.0 0.997 0.324 45.6 1.426 0.239 41.2 0.81822 0.371 45.4 0.726 0.399
Leaf length
Origin 1 16.0 3.161 0.094 . 62.0 0.003 0.953 23.2 0.057 0.813 18.9 0.447 0.512
UV-B 1 1.4 67.862 0.039 * 62.0 0.702 0.405 44.4 6.697 0.013 * 45.2 1.672 0.203
Water 1 43.9 6.304 0.016 * 62.0 135.225 <0.001 *** 44.5 126.87 <0.001 *** 45.2 134.029 <0.001 ***
Initial leaf number (Covariate) 1 42.1 2.924 0.095 . 62.0 1.510 0.224 58.9 0.019 0.891 59.9 0.404 0.527
Origin x UV-B 1 41.8 0.504 0.482 62.0 0.168 0.683 44.4 1.412 0.241 45.1 0.664 0.419
Origin x Water 1 26.1 0.000 0.987 62.0 7.756 0.007 ** 44.4 2.188 0.146 45.2 7.134 0.010 *
UV-B x Water 1 43.5 0.287 0.595 62.0 1.845 0.179 44.4 0.339 0.562 45.1 0.897 0.349
Origin x UV-B x Water 1 25.8 0.930 0.344 62.0 0.000 0.985 44.4 0.286 0.595 46.6 0.975 0.329
Leaf width
Origin 1 17.1 5.067 0.038 * 21.8 4.894 0.038 * 21.5 1.218 0.282 19.4 3.744 0.068 .
UV-B 1 1.7 13.612 0.085 . 47.1 0.198 0.659 1.5 0.544 0.560 1.8 19.048 0.058 .
Water 1 44.3 21.783 <0.001 *** 47.1 191.932 <0.001 *** 40.2 62.907 <0.001 *** 46.8 18.847 <0.001 ***
Initial leaf number (Covariate) 1 45.9 0.209 0.649 51.6 1.125 0.294 54.0 1.446 0.234 46.1 0.541 0.466
Origin x UV-B 1 42.8 0.060 0.808 48.0 0.118 0.733 42.3 2.027 0.162 44.7 1.607 0.212
Origin x Water 1 42.6 1.121 0.296 48.0 0.438 0.511 40.1 4.486 0.040 * 46.4 0.002 0.963
UV-B x Water 1 43.9 1.148 0.290 48.1 0.057 0.812 39.1 1.643 0.207 46.5 4.007 0.051 .
Origin x UV-B x Water 1 42.5 0.551 0.462 47.5 2.187 0.146 38.7 0.627 0.433 48.6 0.443 0.509
Rosette area
Origin 1 16.5 0.717 0.409 17.5 0.538 0.473 17.2 0.384 0.543 19.8 3.123 0.093 .
UV-B 1 1.5 38.547 0.049 * 45.1 1.458 0.234 1.2 0.479 0.597 1.9 6.899 0.127
Water 1 44.0 3.528 0.067 . 45.2 116.426 <0.001 *** 30.0 107.454 <0.001 *** 46.1 78.247 <0.001 ***
Initial leaf number (Covariate) 1 47.8 0.013 0.909 32.1 0.379 0.542 57.4 2.388 0.128 54.4 0.011 0.917
Origin x UV-B 1 42.2 0.419 0.521 46.0 1.412 0.241 36.8 1.420 0.241 44.3 2.222 0.143
Origin x Water 1 32.7 0.741 0.396 46.2 0.148 0.703 30.3 2.909 0.098 . 45.6 0.899 0.348
UV-B x Water 1 43.7 1.428 0.238 46.1 1.192 0.281 28.9 1.020 0.321 45.9 2.367 0.131
Origin x UV-B x Water 1 32.4 0.000 0.999 45.5 0.001 0.971 28.6 0.371 0.547 47.9 0.005 0.943
PSII efficiency (Y)
Origin 1 59.0 0.752 0.389 20.6 3.504 0.075 . 22.0 1.128 0.300 18.3 2.246 0.151
UV-B 1 59.0 9.160 0.004 ** 1.8 8.962 0.107 1.7 0.068 0.823 1.7 17.498 0.068 .
Water 1 59.0 8.725 0.005 ** 45.4 12.675 0.001 *** 43.3 23.580 <0.001 *** 44.9 11.329 0.002 **
Initial leaf number (Covariate) 1 59.0 9.242 0.004 ** 43.5 0.969 0.330 58.5 3.394 0.071 . 56.8 1.561 0.217
Origin x UV-B 1 59.0 0.233 0.631 45.3 0.004 0.953 41.2 0.129 0.721 42.7 2.381 0.130
Origin x Water 1 59.0 0.038 0.847 44.9 0.043 0.827 43.3 0.198 0.659 44.6 0.028 0.869
UV-B x Water 1 59.0 1.451 0.233 46.3 8.507 0.005 ** 43.3 1.444 0.236 44.8 1.565 0.217
Origin x UV-B x Water 1 59.0 0.001 0.970 44.2 2.289 0.137 43.3 0.095 0.760 45.9 0.674 0.416
Min. chlorophyll fluorescence (F 0 )
Origin 1 57.0 0.148 0.702 20.2 5.901 0.025 * 24.1 4.960 0.036 * 18.9 9.213 0.007 **
UV-B 1 1.4 4.054 0.231 1.9 13.014 0.073 . 1.7 1.562 0.358 2.0 0.529 0.544
Water 1 58.2 10.856 0.002 ** 46.1 4.921 0.032 * 44.5 0.367 0.548 44.4 12.962 0.001 ***
Initial leaf number (Covariate) 1 57.2 22.879 <0.001 *** 38.5 0.082 0.776 58.3 0.323 0.572 51.0 0.340 0.562
Origin x UV-B 1 57.0 4.230 0.044 * 46.1 0.208 0.650 43.1 0.961 0.333 43.5 1.740 0.194
Origin x Water 1 32.5 0.075 0.787 45.8 0.540 0.466 44.5 1.030 0.316 43.8 0.802 0.375
UV-B x Water 1 58.2 2.272 0.137 47.0 9.555 0.003 ** 44.3 0.071 0.791 44.1 0.230 0.634
Origin x UV-B x Water 1 32.1 0.321 0.575 45.2 1.390 0.245 44.2 1.160 0.287 46.2 2.430 0.126
Max. chlorophyll fluorescence (F m )
Origin 1 57.3 0.167 0.684 20.5 0.930 0.346 21.9 3.334 0.081 . 19.4 1.546 0.229
UV-B 1 1.2 0.165 0.746 1.9 1.486 0.353 1.9 0.434 0.581 2.0 1.926 0.300
Water 1 58.8 0.964 0.330 46.2 1.120 0.295 42.2 9.100 0.004 ** 44.0 46.199 <0.001 ***
Initial leaf number (Covariate) 1 57.3 6.320 0.015 * 37.1 0.501 0.483 56.9 0.262 0.610 57.0 0.320 0.574
Origin x UV-B 1 57.3 6.428 0.014 * 46.6 0.189 0.666 41.1 0.791 0.379 43.4 0.126 0.725
Origin x Water 1 16.8 0.745 0.400 46.4 0.336 0.565 42.3 0.177 0.676 43.5 0.691 0.411
UV-B x Water 1 58.8 0.327 0.570 47.0 0.901 0.347 42.5 0.278 0.601 43.9 0.020 0.888
Origin x UV-B x Water 1 16.5 0.444 0.515 45.8 0.009 0.926 42.6 1.098 0.301 45.7 1.404 0.242
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Table IV.S4: Location and sampling information of native (German) and exotic (New Zealand) 
populations included in the experiment 
Origin Latitude Longitude Locality Collection year n
51.48431 11.90097 Nietleben 2012 16
51.62067 11.74124 Friedenburg 2012 16
51.52282 12.00856 Tornau 2012 15
51.51693 12.01146 Mötzlich 2012 16
51.74834 11.02791 Thale 2012 16
51.78530 11.15421 Quedlinburg I 2012 16
51.77611 11.13432 Quedlinburg II 2012 16
51.73221 11.21278 Ballenstedt 2012 16
51.75651 11.09018 Teufelsmauer 2012 16
54.34805 10.11666 Botanical Garden Kiel 2012 16
-44.16828 170.20950 Lake Pukaki East 2012 16
-44.11396 170.12698 Lake Pukaki West 2012 15
-43.06517 172.75104 Waipara 2012 15
-44.59621 170.19031 Lake Aviemore West 2011 16
-44.00175 170.47316 Lake Tekapo 2011 16
-44.08105 170.97570 Opuha River 2011 16
-44.18910 170.11126 Lake Pukaki South 2011 16
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